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General introduction and thesis outline

POLYNEUROPATHIES

The peripheral nervous system consists of the alpha motor neurons in the anterior horn of the
spinal cord, ventral and dorsal roots, peripheral nerves, the neuromuscular junction and muscle.
Peripheral nerves connect the brain and spinal cord with muscle, skin, joints and sensory organs.
Dysfunction of the peripheral nerves has many causes, but is generally described as ‘polyneuropathy’.
Complaints caused by polyneuropathies include weakness and sensory deficits including numbness,
sensory ataxia and changed or increased pain sensations in hands and feet. Common causes for
polyneuropathy are summarized in Table 1.1 and include drugs and alcohol, diabetes, liver or renal
insufficiency, (vitamin) deficiencies and idiopathic. Rare causes are of a genetic or inflammatory
nature. Discriminating between these multiple causes is of great importance, as treatment

opportunities and prognosis can vary between neuropathies.

In the diagnostic work-up of patients suspected to have a polyneuropathy, laboratory findings
and nerve conduction studies are important tools. Rare causes may be more elusive and require
special diagnostic techniques, including genetic testing and nerve imaging by means of ultrasound
or magnetic resonance imaging (MRI). Imaging techniques may be particularly helpful for the

identification of the rare chronic inflammatory neuropathies.

Table 1.1. Causes of polyneuropathy

Type of origin Causes
Carcinoma Lymphoma
Hereditary Charcot-Marie-Tooth disease, hereditary neuropathy with liability to pressure palsies,
neurofibromatosis
Idiopathic Chronic idiopathic axonal polyneuropathy
Infectious Leprosy, Lyme’s disease, HIV
Inflammatory Chronic inflammatory demyelinating polyneuropathy (typical and variants), Guillain-

Barré syndrome, multifocal motor neuropathy

Metabolic Diabetes mellitus, hypothyroidism, liver insufficiency, porphyria, renal insufficiency,

vitamin deficiencies
Paraneoplastic Small cell lung cancer

Paraproteinemic | anti-MAG associated polyneuropathy, IgM-monoclonal gammopathy of unknown
significance, polyneuropathy organomegaly endocrinopathy M-protein and skin
changes syndrome, Waldenstrom

Systemic diseases | Amyloidosis, rheumatoid arthritis, sarcoidosis, Sjogren’s syndrome, systemic lupus
erythematosus

Toxic Alcohol abuse, drug associated (antimicrobials, amiodarone, chemotherapy, digoxin,
immunosuppressants), toxins (botulinum toxin, lead, mercury)

Vasculitic Microscopic polyangiitis, non-systemic vasculitic neuropathy, polyarteriitis nodosa

An overview of causes of peripheral polyneuropathy. Only some examples are shown per type of origin.




Chapter 1

CLINICAL BACKGROUND

Chronic inflammatory neuropathies

Chronic inflammatory demyelinating polyneuropathy (CIDP) and multifocal motor
neuropathy (MMN) are both rare polyneuropathies with an inflammatory cause. CIDP is characterized
by slowly progressive (mostly) symmetric pure motor, pure sensory, or mixed deficits that are most
pronounced in the legs, while MMN is marked by asymmetric weakness without sensory deficits that
dominates in the arms. Both polyneuropathies respond to treatment.'? Early treatment can improve
muscle strength or sensory symptoms, and prevents progression of symptoms and permanent axonal
damage which underlines the importance of a timely diagnosis.'? Patients with CIDP and MMN both
respond to treatment with immunoglobulins. Patients with CIDP, but not with MMN, also respond
to treatment with corticosteroids or plasmapheresis. Another important difference between these
disorders is that 26% of patients with CIDP may experience remission that allows discontinuation

of treatment, while this is uncommon in MMN .}

Diagnosis of CIDP and MMN is based on diagnostic consensus criteria that use a combination of
clinical phenotype, nerve conduction study results and ancillary investigations.** The latter play an
important role when nerve conduction studies do not meet the required electrodiagnostic criteria.*”’
They include laboratory findings and imaging abnormalities of the peripheral nerves, in particular
MRI of the brachial plexus.

TECHNICAL BACKGROUND

Principles of MRI physics

Magnetic resonance imaging is an imaging technique that is able to visualize pathology of the
nervous system. It is widely used in clinical practice for examination of the brain, spinal cord,
muscle and more recently also the peripheral nervous system. Physics of MRI is complicated but
some knowledge on its principles is essential to correctly assess and interpret the images. In short,
all protons in body tissue spin on their own axes (Figure 1.1A). After placing the patient in a static
magnetic field, i.e. the MRI scanner, the resulting magnetization of all protons inside the patients’
tissue align parallel to the magnetic field (Figure 1.1B). These protons rotate around the long axis of
the primary magnetic field (B ), which is called precession. Precession rate is termed as the Larmor
frequency. The average of many protons produces the net magnetization. Then, a radiofrequency
pulse is emitted from the scanner which creates a magnetic field perpendicular to B (Figure 1.1C).
When the radiofrequency pulse is at resonance, it creates a phase coherence in the precession of
all the proton spins. The net magnetization of all protons rotating in Larmor frequency generates
an electric current in the receiving coil, i.e. an electrical conductor, that is placed in the vicinity

of the tissue of interest. This current is the nuclear magnetic resonance (NMR) signal. The NMR
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signal weakens due to two simultaneous relaxation processes that cause a loss of coherence of the
spin system. The NMR signal decreases (loss of transverse magnetization or dephasing) with a time
constant called the transverse relaxation time (T2, Figure 1.1D). Concurrently, but much slower,
the vector relaxes towards its equilibrium position (recovery of longitudinal magnetization) parallel

to the magnetic field: this time constant is called the spin-lattice relaxation time (T1, Figure 1.1E).

Figure 1.1 Principles of MRI physics

All protons in body tissue spin on their own axes (A). After placing the patient in a static magnetic field, i.e. the

MRI scanner, the resulting magnetization of all protons align parallel (B) to the magnetic field (B). The protons
rotate around B at the Larmor frequency and the average of many protons produces the net magnetization. Then,
aradiofrequency pulse (RF pulse) is emitted from the scanner which creates a magnetic field perpendicular to B,
and the net magnetization moves away from the z axis (C). As soon as the RF pulse is switched off, the protons
begin to relax back to their equilibrium. The two main features of relaxation are dephasing of the spins or loss
of transverse magnetization (T2 relaxation, D) and realignment along the z axis (T1 relaxation) as an umbrella
closing up (E).

Every type of body tissue has its own T1 and T2 relaxation times which results in different contrasts
in the images. Adjustments in the MRI software enables the scanner to generate T1- or T2-weighted
images of the tissues of interest. T1- and T2-weighted MRI provides qualitative information on the
anatomical structures of interest. The generation of a T1-weighted image or a T2-weighted image
depends on the set echo time (TE) and repetition time (TR) of the MRI sequence. T1-weighted images

tend to have a short TE and a short TR. In T1-weighted images tissues that have a slow magnetization
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Chapter 1

realignment appear dark as it does not retain signal (Figure 1.2A). T2-weighted images require a
long TE and TR and highlight differences in the T2 relaxation times of tissues. Tissues with a longer
T2 relaxation time will retain signal and appear bright (Figure 1.2B). MRI of the peripheral nervous
system, e.g. the brachial or lumbosacral plexus, is often based on T2-weighted images. T2-weighted
imaging with fat suppression (e.g. spectral presaturation with inversion recovery (or SPIR)) is an
excellent technique to visualize pathology of peripheral nerves, and the brachial or lumbosacral

plexus (Figure 1.2C) 8

Figure 1.2 Basic pulse sequences of MRI

Examples of the healthy brachial plexus visualized in a T1 weighted image (A), a T2 weighted image (B) and
T2 weighted imaging with fat suppression (C).

Quantitative MRI techniques

MRI is a versatile technique that can provide qualitative as well as quantitative information on
(nervous) tissues. T1- and T2-weighted imaging, as described in the previous paragraph, provides
qualitative information on anatomical tissues and generates an image. Advanced quantitative MRI
techniques do not only produce an image, but also generate a quantitative parameter. One of these
quantitative techniques is diffusion tensor imaging (DTI). DTI gives quantitative information on
microstructural integrity that correlates with histological findings.”!" DTI measures diffusion of
water in tissue in a number of different directions. Diffusion rates of biological tissues are not the
same in every direction, which means the tissue is not isotropic but rather anisotropic. The direction
and magnitude of the diffusion can be expressed by the diffusion tensor. From this diffusion tensor
eigenvalues and eigenvectors can be derived. Eigenvectors express the direction of the diffusion,
and eigenvalues express the magnitude of the diffusion. In this way, the degree of diffusion of water
can be calculated along the main axis (axonal diffusivity, AD) or perpendicular to the nervous tissue
(radial diffusivity, RD). AD is determined by the eigenvalue A, and RD is determined by the mean
of the eigenvalues A, and A, (Figure 1.3). The mean diffusivity (MD) is calculated by the mean of
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the eigenvalues ((A, + A, + A,)/3). Anisotropy is expressed as the ‘fractional anisotropy” (FA) and
can be calculated using a mathematical formula that contains all eigenvalues. FA is a scalar value
that ranges from O to 1 (Figure 1.3). Pure water has isotropic diffusion properties, which means that
the water molecules are equally likely to move in any direction, hence FA = 0. For tissues that have
very strong anisotropy FA = 1, i.e. diffusion is restricted by the presence of cell membranes and
there may be a preferential direction, for example along nerve fibers. As MD and FA are summary
measures of the eigenvalues A, A, and A, changes in MD and FA can be driven by changes in either
AD or in RD. For example, an increase of AD or a decrease of RD both cause an increase of FA,

and a decrease of AD or RD both cause a decrease of MD.

Figure 1.3 Principles of diffusion parameters

Isotropic (FA= 0) Anisotropic (FA= 1)

Isotropic diffusion (left): water molecules are equally likely to move in any direction and fractional anisotropy is
0. Anisotropic diffusion (right): water molecules move in a preferential direction and fractional anisotropy is 1.

Other quantitative MRI techniques as T2 mapping and fat fraction analysis can provide information
on T2 relaxation times and fat fraction percentage of a tissue. T2 mapping relies on the principle that
different echo times result in different T2 contrasts in images. By plotting the signal intensity for
different echo times an exponential decay curve can be constructed. The T2 relaxation time can be
calculated as a constant of the fitted curve. In this way, the T2 relaxation time can be calculated for
the tissue of interest. Fat fraction analysis relies on the fact that water and fat contain protons that
can be measured using Dixon imaging (chemical shift imaging). Protons in fat rotate at a different

Larmor frequency than protons in water. A minimum of two images, i.e. one in phase and one out of
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phase, are necessary to calculate the percentage of fat. The first image is acquired when water and
fat have the same phase, i.e. they rotate in phase, and the total signal can be calculated by the sum
of the signal of water and the signal of fat. Next, a second image is acquired when the protons are
in opposed phase, i.e. they are out of phase, and the total signal contains the signal of water minus
the signal of fat. In this way, the percentage of water and the percentage of fat of the total signal of

a tissue can be calculated.

Injured or inflamed tissue may lead to changes in the diffusion parameters, for example by increasing
or decreasing AD or RD, and changes in T2 relaxation times and fat fraction. Measuring and
comparing quantitative MRI parameters between groups of patients and (healthy) controls, and
correlating the found differences to histology or clinical data, may help in diagnosis, pathophysiology
or prognosis of disease. Combined, these quantitative techniques inform on structural nerve changes

due to pathophysiological processes.

CIDP, MMN & MRI

Diagnosis

In current clinical practice diagnosis of CIDP and MMN is predominantly based on the consensus
criteria of the guideline of the European Federation of Neurological Societies/Peripheral Nerve
Society and the Utrecht criteria.*>7 It is important to differentiate CIDP and MMN from their
clinical mimics as an early start of immunomodulatory treatment in CIDP and MMN could prevent
irreversible (axonal) damage and worsening of symptoms.'? Differential diagnosis of (typical and
variants of) CIDP includes Guillain-Barré syndrome, motor neuron diseases, focal compression
neuropathies, diabetic neuropathy and Charcot-Marie-Tooth disease.”>? MMN is an important clinical
mimic of motor neuron diseases, such as amyotrophic lateral sclerosis and progressive muscular
atrophy, as they all can present with an asymmetric weakness without sensory deficits. However,
treatment and prognoses differ considerably and the use of diagnostic consensus guidelines may
help in the differentiation. These guidelines for CIDP and MMN describe that diagnosis is primarily
based on a characteristic clinical presentation and specific features on nerve conduction studies, i.e.
conduction blocks. These conduction blocks are believed to be caused by demyelination, in particular
in CIDP, or axolemmal changes.”> However, diagnosing CIDP or MMN often remains challenging
as nerve conduction studies require specific expertise, cost a lot of time and are often burdensome
to patients. Conduction blocks could be easily missed, which compromises diagnostic accuracy.®
In more elusive cases, supportive criteria may help in diagnosis. One of the additional diagnostic
tools is laboratory examination which may show an increased protein in the cerebrospinal fluid or
presence of anti-GM1 antibodies (MMN only).** Second, a good response to immunomodulatory
treatment may add to diagnosis although this criterium is seriously hampered by costs, the risk of

adverse events in patients and the lack of a clear definition of treatment response. MRI of the brachial
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plexus is in the current diagnostic guidelines the last supportive criterium and may show thickening
of the cervical nerve roots (Figure 1.4A) or T2 hyperintensity (Figure 1.4B) in patients with CIDP
or MMN.!'*15 Enhancement of the nerve roots could be seen in patients with CIDP after injection
with gadolinium but is less common and the diagnostic value is low.!® Abnormalities on brachial
plexus MRI are more frequently present in patients with CIDP (74% of patients) than in patients with
MMN (50% of patients).'®* Asymmetrical thickening of the nerve roots seems to be more common

in patients with MMN compared to patients with CIDP."”

Figure 1.4 Pathology of the brachial plexus in chronic inflammatory neuropathies

In the left panel (A) an example of thickening of the cervical nerve roots is shown (for example compared to figure
1.2C) using T2-weighted imaging with fat suppression. In the right panel (B) an example of T2 hyperintensity

(yellow arrow) is shown using T2-weighted imaging.

A major drawback of current clinical practice is that brachial plexus MRI is qualitatively assessed
by (neuro)radiologists. Obviously enlarged cervical nerve roots are easily seen but less evident
thickening may result in an uncertain and subjective assessment as clear cut-off values for nerve size
are lacking. Furthermore, variability and reliability of these qualitative assessments are unknown
which hampers the diagnostic value of brachial plexus MRI even more. A systematic assessment with
quantitative cut-off values for cervical nerve root size, and a comparison of interrater reliabilities
between qualitative and quantitative assessments, is needed if we want to improve the diagnostic
value of brachial plexus MRI for the diagnosis of CIDP and MMN.
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More recently, nerve ultrasound has been explored as another imaging technique in diagnosis of
chronic inflammatory neuropathies.'®!” These studies showed that a quantitative assessment, i.e.
with objective cut-off values for abnormality, results in good test characteristics. Just as MRI, nerve
ultrasound may show thickening of the brachial plexus and peripheral nerves. Unfortunately, nerve
ultrasound is not yet widely available as its implementation in clinical practice requires experience.
However, nerve ultrasound is a promising technique that might be added to the diagnostic criteria
in the future. The combined role of nerve ultrasound and MRI in the diagnostic process of chronic
inflammatory neuropathies should be evaluated to optimize the diagnostic performance of both

imaging modalities.

Pathophysiology

Autopsy studies, sural nerve biopsy and immunostaining in vitro have tried to provide insight in
underlying immunological mechanisms in CIDP and MMN.%-2¢ The scarce reports on CIDP describe
moderate to severe demyelination and remyelination with onion bulbs without loss of axons.?-22%
Some histological studies on MMN describe axonal loss without demyelination,?*>>? while others
describe de- and remyelination.*! There is an obvious need for additional tools to study the
condition of peripheral nerves of patients with a chronic inflammatory neuropathy in vivo. Therefore,
quantitative MRI techniques that correlate to histological findings, such as DTI and T2 mapping are
promising. Previous DTI studies evaluated the peripheral nerves and the brachial and lumbosacral
plexus in small cohorts of patients with CIDP or MMN and healthy controls.>* These smaller
studies already showed differences in diffusion parameters and T2 relaxation times between groups
which suggests that quantitative MRI techniques could be helpful to explore pathophysiologies

further. However, large and systematic studies are currently lacking.

Prognosis and treatment

Patients with CIDP and MMN both respond to immunomodulatory treatment. For patients with
MMN intravenous or subcutaneous immunoglobulins is the only treatment option; patients with
CIDP may also respond to treatment with corticosteroids or plasmapheresis.!? Treatment may
improve motor and sensory deficits but management of treatment is challenging in current clinical
practice. These challenges mainly rely on the fact that treatment response is not easily monitored
as it lacks a clear definition. Therefore, it might be difficult to find the right treatment dose in some

patients, which could result in over- or undertreatment.

In current clinical practice, improvement of muscle strength as measured by MRC scales, myometry
or equivalent tests is assumed to be the golden standard of treatment response but strength
measurements might be subject to differences between raters. Objective markers that predict course
of disease and treatment response are lacking. However, these biomarkers are needed if we want to

improve management of CIDP and MMN.
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The value of electrophysiology and nerve ultrasound as biomarkers have been studied previously.
These efforts did not result in the identification of quantitative measures that correlate to clinical
outcomes or prognosis (unpublished data from our center).*~* Quantitative MRI techniques, such as
DTI, are a potentially powerful tool to monitor tissues. DTI has been explored in several studies of
the central nervous system. These studies showed differences in diffusion parameters over time and
sometimes showed correlations with clinical parameters.*~° However, there is only a very limited
number of studies of the peripheral nervous system. It is therefore unknown if quantitative MRI

captures relevant differences in the peripheral nervous system, for example early treatment effects.

THESIS OUTLINE

The aim of this thesis is to explore the feasibility and value of qualitative and quantitative MRI
techniques in diagnosis, pathophysiology, disease course, and treatment response in chronic
inflammatory neuropathies. Chapter 2 contains a description of the natural history of MMN and
an analysis of the correlates of a progressive disease course. Chapter 3 evaluates the interrater
variability of current practice, i.e. a qualitative assessment of nerve thickening on brachial plexus
MRI. In Chapter 4 we explore feasibility and diagnostic performance of a quantitative assessment
of nerve thickening. In chapter 5 we study involvement of intraspinal roots in CIDP and MMN. In
chapter 6 we assess the use of quantitative MRI techniques (i.e. DTI, T2 mapping, and fat fraction
analysis) and attempts to study nerve architecture in CIDP and MMN in vivo. In chapter 7 we present
data of quantitative MRI after one year of follow-up. Chapter 8 contains a summary and discussion

of the main findings of this thesis and provides recommendations for clinical practice.
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ABSTRACT

Objective: To assess the clinical course of multifocal motor neuropathy (MMN) in a large cohort

of patients and to identify predictive factors of a progressive disease course.

Methods: Between May 2015 and February 2016, we collected clinical data from 100 patients
with MMN of whom 60 had participated in a nationwide cross-sectional cohort study in 2007. We
documented clinical characteristics using standardized questionnaires and performed a standardized
neurological examination. We used multiple linear regression analysis to identify factors that

correlated with worse outcome.

Results: We found that age of diagnosis (45.2 vs. 48.6 years, p < 0.02) significantly increased
between 2007 and 2015 — 2016, whereas diagnostic delay decreased with 15 months. Seven out
of ten outcome measures deteriorated over time (all p < 0.01). Patients who had a lower Medical
Research Council (MRC) sum score and absence of one or more reflexes at the baseline visit showed

a greater functional loss at follow up (p =0.007 and p = 0.016).

Conclusion: Our study shows that MMN is a progressive disease. Although 87% of patients received
maintenance treatment, muscle strength, reflexes, vibration sense, and the Self-Evaluation Scale
significantly deteriorated over time. Lower MRC sum score and absence of reflexes predicted a

more progressive disease course.

26



Clinical outcomes in MMN

INTRODUCTION

Multifocal motor neuropathy (MMN) is a pure motor disorder characterized by slowly progressive
asymmetric distal weakness mainly in the hands, the absence of upper motor neuron signs and
presence of one or more abnormal ancillary investigations, i.e. abnormal nerve conduction or
conduction block (CB), thickening or T2 hyperintensity on magnetic resonance imaging (MRI) of
the brachial plexus, sonographic nerve thickening, increased protein content in the cerebrospinal
fluid (CSF) or the presence of anti-GM1 IgM antibodies in serum.'-> Administration of intravenous
or subcutaneous immunoglobulins transiently improves muscle strength and maintenance treatment

is therefore needed .o

Consensus criteria have facilitated diagnosis of MMN and shortened diagnostic delays, but we
know less of the disease course and outcome.>!! Early case reports suggested that its course is not
benign in individual patients, but few studies have longitudinally addressed natural history in larger
patients cohorts.!>'* Early treatment may improve long-term outcome, but accumulating axonal
damage nevertheless results in significant disability in up to one fifth of patients.!"'> More detailed
insight in MMN’s clinical course would help to identify correlates of worse outcome and thereby
patients at higher risk for developing severe deficits, and eventually to investigate efficacy of other

treatment approaches.

We have previously reported the characteristics of a relatively large cross sectional cohort of patients
with MMN in the Netherlands." In order to gain more insight in the clinical course of MMN, we
performed a combined cross-sectional and follow-up study in a cohort of 100 patients with the aim

to identify factors that predict a progressive disease course of MMN.

METHODS

Study design and patients

This cross-sectional cohort study was performed between May 2015 and February 2016 in the
University Medical Center (UMC) Utrecht, a large tertiary referral center for neuromuscular
disorders in The Netherlands. We invited all patients listed in the MMN database of the UMC Utrecht
who met the following inclusion criteria: 1) a diagnosis of definite, probable or possible MMN
according to the EFNS/PNS criteria and 2) age > 18 years.’ A subgroup of our patients previously
participated in a similar cross-sectional cohort study in 2007." The local medical ethics committee
of the UMC Utrecht approved the research protocol (NL50354.041.14). All included patients gave

written informed consent.
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Neurological examination and questionnaires

We documented clinical characteristics of patients with MMN (including but not limited to site
of onset and age at symptom onset) using a standardized questionnaire and collected the Overall
Disability Sum Score (ODSS), the Self-Evaluation Scale (SES), the Rasch-built Overall Disability
Score for MMN (MMN-RODS) and the Fatigue Severity Scale (FSS).!** All patients underwent
a standardized neurological examination (Supplemental table 2.1). This consisted of bilateral
grading of motor function of 18 muscle groups using the Medical Research Council (MRC) scale
to calculate the MRC sum score with a maximum of 180 points. Sensory function was tested using
a Rydell-Seiffer tuning fork to assess vibration sense in arms and legs bilaterally. Vibration sense
was graded from normal (grade 0) to abnormal at the acromioclavicular joint or anterior superior
iliac spine (grade 4).*! Tendon reflexes of biceps, triceps, knee and ankle were performed on both
sides and scored as normal, brisk or absent. We used data obtained during a previous study in 2007
as baseline data." To minimize inter-observer variability, one of the authors (EAC) who collected
clinical data during the 2007 study trained the author (BAJ) who performed the clinical examination

in 2015 — 2016, with special emphasis on the interpretation of MRC and Rydell-Seiffer scales.

Nerve conduction studies and other ancillary investigations

One of the authors (HSG) evaluated available nerve conduction study results using the EFNS/PNS
criteria for CB and other abnormalities.’ All patients underwent nerve conduction studies (NCS)
using a standardized protocol and stimulation was up to Erb’s point.?> CB was defined as definite
CB (compound muscle action potential (CMAP) area reduction of at least 50%) or probable CB
(CMAP area reduction of 30-50%), and axonal loss as a decreased distal CMAP (distal CMAP
amplitude below the lower limit of normal) in = 1 nerves, including the median, ulnar, radial,
musculocutaneous, peroneal, and tibial nerves.>* We also collected all available results of laboratory
studies (in particular the presence of anti-GM 1 IgM antibodies in serum and analysis of cerebrospinal
fluid) and of MRI of the brachial plexus.

Statistical analyses

MMN cohort data

We stratified the patients with MMN into two groups: (1) patients diagnosed before our previous
study in 2007, and (2) patients diagnosed after 2007) to explore differences in clinical characteristics.
Depending on the distribution of the variable, we compared groups using the Mann-Whitney U
test (for continuous data) and the y? test (for categorical data). To account for right skew in time-
related covariates, we log-transformed (natural) duration of treatment, months untreated and time
to diagnosis. Univariate linear regression analyses were performed to identify changes in clinical
characteristics over calendar time. Dependent variables were age at diagnosis, time to diagnosis
(log-transformed) and age at onset of symptoms. The independent variable was the year of diagnosis.
Subsequently, we calculated the mean MRC score per muscle group for patients with longer and

shorter disease duration (defined as equal to or larger than the median disease duration). We corrected
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the obtained p values for multiple testing using the Benjamini-Hochberg method. Multiple linear
regression analysis was used with backward elimination based on p value selection to predict the
MRC sum score 2015 — 2016 based on sex, symptom onset in a leg, presence of anti-GM1 IgM
antibodies, FSS (0 — 63), duration of treatment in months (log-transformed), months untreated (log-

transformed) and age at onset of symptoms in years).

Longitudinal follow-up data

The mean yearly rate of decline of each outcome measure was estimated between visit 1 (2007)
and visit 2 (2015 — 2016) and tested using a one sample ¢ test (i.e. assessing whether the yearly rate
of decline is other than zero). Multiple linear regression analysis was performed with backward
elimination based on p value selection to predict the yearly rate of decline in MRC sum score
based on sex, presence of anti-GM1 IgM antibodies, symptom onset in leg, months untreated (log-
transformed), age at onset of symptoms in years, ODSS (0 — 8), MRC sum score (0 — 180) and sum
score of reflexes (0 — 8). The last three variables were analysed with data of the first visit (2007).
Patients were asked to describe their disease course as stable, gradually but slowly progressive,

gradually progressive, stepwise progressive or gradually improving.

RESULTS

Patients
We identified a total of 142 patients with MMN. Hundred patients (70.4%) agreed to participate of
whom 60 patients previously participated in a nationwide cross sectional cohort study in 2007."

Reasons for not participating are shown in Figure 2.1.

Clinical characteristics

Patient characteristics (sex, age at onset of symptoms, MMN diagnosis according to EFNS/PNS
criteria and additional investigations i.e. NCS, MRI brachial plexus, CSF protein and presence
of anti-GM1 IgM antibodies) between participants (n = 100) and non-participants (n = 42), were
not significantly different, except for the onset of muscle weakness (p = 0.04). Median age at
onset of symptoms and age of diagnosis were significantly higher in patients diagnosed after 2007
(p <001 and p = 0.02; Table 2.1). We performed univariate linear regression analysis with year
of diagnosis as independent variable. Both median age at onset of symptoms and median age of
diagnosis significantly increased over time (both p <0.01) (Figure 2.2). Median time from symptom
onset to diagnosis (i.e. diagnostic delay) decreased over time (6.4 years (range 1 — 27) in period
1996 to 2000; 1.8 years (range 1 — 29) in period 2011 — 2015) but was significantly longer for
patients with onset of symptoms in a leg and for patients with higher age at diagnosis (p = 0.01 and
p<0.01). We use a starting dose of 0.4 g/kg immunoglobulins per 3-4 weeks and then tailor the dose

(if needed up to 1 g/kg) until patients remain stable during the treatment interval > The starting dose
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was significantly higher for patients diagnosed before 2007 (p < 0.01), probably due to a different
treatment regime with repeated loading doses of immunoglobulins in the period before 1995 rather
than lower-dosed weekly to monthly maintenance therapy. We found no significant differences in

clinical characteristics between males and females.

Figure 2.1 Flowchart of study

MMN cohort in 2015

n=152
Nationwide cohort study 2007 "new" MMN patients
n =288 n=>54
Not reached n =9 Not reached n =3
Deceased n =8 Missing data n = 1
No time/interest n = 11 No time/interest n = 10
Y Y
Follow-up study Follow-up study
n =60 n =40

l J
v

Cross-sectional cohort study
n=100

Abbreviations: MMN = multifocal motor neuropathy.

Weakness, sensory function and tendon reflexes

The distribution of muscle weakness was distal more than proximal and more pronounced in hand
than in foot or lower leg muscles (Supplemental table 2.2). Finger flexion and plantar foot flexion
were relatively spared compared to hand and finger extension and dorsal foot flexion. Patients with

longer disease duration had significantly more weakness in hand and lower leg or foot muscles
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compared to patients with shorter disease duration (all p < 0.05) (Figure 2.3 and Supplemental
table 2.2). We found abnormal vibration sense on the toes in 57 patients (57.6%). Median disease
duration was longer in these patients compared to those without sensory findings (median 16.1 years,
range 1.3 — 46.5 vs. median 11.5 years, range 1.9 — 30.5; p = 0.03). We found at least one absent
reflex in 79 patients (79%). Sixteen of these patients (20%) had generalized areflexia (Supplemental
table 2.3). We did not find a relation between the presence of conduction block (definite and/or

probable) and the absence of reflexes (p > 0.10).

Figure 2.2 Clinical characteristics over time

Median age at onset of symptoms

Median age of diagnosis
60
50
R
©
g
< 40
&
<
30
20

<1995  1996-2000 2001-2005 2006-2010 2011 -2015
Year of diagnosis

Median age at onset of symptoms and median age of diagnosis over time. Error bars are 95% confidence intervals.

Nerve conduction studies and laboratory investigations

One or more definite CBs were present in 74 patients (74.0%), only probable CB in 19 patients
(19.0%) and no CB in 7 patients (7.0%). The diagnosis of MMN in these 7 patients without CB was
based on the presence of anti-GM1 IgM antibody titers (4 patients; 57.1%), abnormal CSF protein
concentrations (protein level > 0.4 gram/litre (g/L); 2 patients; 28.6%), an abnormal MRI of the
brachial plexus (3 patients; 42.9%), and response to immunoglobulin therapy in all patients. We
found evidence of axonal damage during NCS in 71 patients (71.0%), the presence of anti-GM1
IgM antibodies in 55/90 patients (61.1%) and abnormal CSF protein concentrations (>0.4 g/L) in
20/26 (76.9%) patients.
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Table 2.1 Clinical characteristics

Parameter Diagnosis Diagnosis in )/
before 2007 or after 2007
(n=64) (n=36)
Male 46 (72%) 29 (81%) 0.34
Age at onset of symptoms 403 (214-538) 452(30.1-67.2) <0.001
Age at diagnosis 452 (252-71.1) 48.6(309-73.5) 0.02
Time to diagnosis (months)* 42.0(3.0-433.0) 27.0(6.0-3450) 0.10
Time from disease onset until treatment (months) 42.0((3.0-4359) 27.5(3.9-346.0) 0.09
Maintenance treatment with immunoglobulins 55 (86%) 32 (89%) 0.67
Starting dose ivlg maintenance therapy per week (gram) 10.0 (5.0-33.0) 80(4.0-120) <0.001
Onset of muscle weakness
Distal arm 41 (64%) 25 (70%) 0.08
Proximal arm 3 (4%) 3 (8%)
Distal leg 18 (28%) 4 (11%)
Proximal leg 1(2%) 0(0 %)
Distal symmetrical 1(2%) 4 (11%)
Number of affected limbs at inclusion
0 2 (3%) 1 (3%) 0.15
1 7 (11%) 8 (22%)
2 12 (19%) 12 (33%)
3 18 (28%) 7 (20%)
4 25 (39%) 8 (22%)
Electrophysiological criteria**
Definite 45 (70%) 29 (81%) 0.32
Probable 15 (23%) 4 (11%)
Negative 4 (6%) 3 (8%)
NCS with axonal degeneration 31 (48%) 13 (36%) 0.23
Abnormalities brachial plexus MRI 22/43 (51%) 8/17 (47%) 0.77
Laboratory findings
Increased CSF protein 12/16 (75%) 8/10 (80%) 0.77
Presence of anti-GM1 IgM antibodies 38/61 (62%) 17/29 (59%) 0.74

Data are shown in median (range) or number of patients (%), unless stated otherwise.

* log transformed variable
** according to the EFNS/PNS criteria’

Abbreviations: ivlg = intravenous immunoglobulins; NCS = nerve conduction studies; MRI = magnetic resonance

imaging; CSF = cerebrospinal fluid.
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Figure 2.3 Correlation of MRC grade and disease duration per muscle group
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The boxplots provide the variability in disease duration per MRC grade (0 — 5). Disease duration is defined as
years from onset of symptoms until first study visit.

Abbreviations: MRC = Medical Research Council.

Disability questionnaires

Results of the disability questionnaires are shown in Supplemental table 2.3. Median ODSS of the
arms was 2 (range 0 — 4), of the legs 1 (range 0 — 5) and of arms and legs combined 3 (range 0 — 8).
Twelve patients (12%) reported no disability of the arms and 34 patients (34%) did not experience
disability of the legs.

Correlates of outcome
Multiple linear regression analysis showed that a lower MRC sum score correlated with longer
disease duration without treatment, presence of anti-GM1 IgM antibodies and lower age at onset of

symptoms (p = 0.024, p = 0.046 and p = 0.006 respectively).

Outcome measures over time

Mean differences between visit 1 (2007) and visit 2 (2015 — 2016) of different outcome measures
are shown in Table 2.2. Except for ODSS, FSS and vigorimetry of the left hand, all outcome
measures deteriorated over time (all p <0.01). The difference in MRC sum score between 2015 and
2007 was significantly larger in patients with axonal damage compared to patients without axonal
damage (5.2 points vs. 13.8 points; p = 0.014). Most patients indicated that their disease course was
stable (25.0%) or mildly progressive (61.7%). The dose of immunoglobulin treatment significantly

increased over time (p < 0.001).
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Table 2.2 Outcome measures over time

Parameter MD per year 95% CI )/

ODSS (0 - 12 points) -0.004 0.03 --0.04 0.81
MRC sum score (0 — 180 points) -1.361 -0.97--1.75 <0.001
SES (0 — 25 points) 0.352 0.54-0.16 <0.001
FSS (0 - 63 points) -0.940 -0.25--1.63 <0.001
Vibration sense (abnormal in O — 4 limbs) 0.121 0.15-0.09 <0.001
Reflexes arm (absence in 0 — 4 reflexes) 0.055 -0.02 --0.09 <0.001
Reflexes leg (absence in 0 — 4 reflexes) 0.072 -0.03--0.11 <0.001
Reflexes sum score (absence in 0 — 8 reflexes) 0.121 --0.06 —-0.18 <0.001
Grip strength right (kPa) -1.127 -0.39--1.87 <0.001

Grip strength left (kPa) -0.770 0.04--1.58 0.06
Number of affected muscle groups 0.465 036-0.58 <0.001

Mean difference per year was calculated as the difference between visit 1 (2007) and visit 2 (2015-2016) divided
by the follow-up duration.

Absence of reflexes arm: biceps and triceps reflexes (0 — 4). Absence of reflexes leg: knee and ankle reflexes
(0 —4). Abbreviations: MD = mean difference; CI = confidence interval; ODSS = Overall Disability Sum Score;
MRC = Medical Research Council; SES = Self-evaluation Scale; FSS = Fatigue Severity Scale.

Predictors of progression

Multiple linear regression showed that faster progression, i.e. a larger difference of the MRC sum
score of visit 1 (2007) and visit 2 (2015 — 2016) per year correlated with the reflexes sum score
(i.e. absent reflexes) and a lower MRC sum score in 2007 (p = 0.016 and p = 0.007 respectively).

DISCUSSION

This study aimed to document clinical outcomes of patients with MMN and identify predictors of
disease progression. We combined cross-sectional data with longitudinal data with a mean duration
between visits of eight years. Our clinical observations confirmed that MMN is a progressive disorder
in the large majority of patients even when they receive immunoglobulin maintenance treatment.
Virtually all selected outcome measures significantly deteriorated over time. Factors with prognostic
value of a progressive disease course were absence of reflexes and a lower MRC sum score at

baseline.

A previous study described the natural history of 38 treatment-naive patients with MMN
retrospectively. Patients with longer disease duration (n = 10) had significantly lower MRC sum
scores and a higher number of affected regions. None of the patients experienced spontaneous

improvement or a relapsing remitting course."” Taylor et al. longitudinally assessed 18 patients
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with MMN and found a slowly worsening of muscle weakness, i.e. a change in neurological
impairment score (NIS) of 1.3 points/year." We performed multiple linear regression analysis to
determine predictors of a progressive disease course and found that absence of at least one reflex
and a lower MRC sum score at baseline were associated with a larger decrease of the MRC sum
score over time. This amounted to a difference of 1.36 MRC point decrease of the MRC sum
score per year in patients with generalized areflexia compared to those with normal reflexes.
These findings can help to identify patients with a more progressive disease course. Until the
development of more effective treatment strategies for MMN, the identification of patients at
greater risk may ultimately help to tailor the dosing or frequency of immunoglobulin treatment

in the future.

We used two approaches to analyze cross sectional data. First, we compared patients with a
diagnosis before and after 2007, and thereby with longer and shorter disease duration. The
distribution pattern of muscle weakness in patients with shorter and longer disease duration was
similar but the severity of weakness of hand and lower leg/foot muscles was significantly increased
in the latter. This finding supports the longitudinal data and also shows that proximal muscle
groups are relatively spared. The second approach consisted of multiple linear regression analysis
to determine factors that were associated with more severe weakness. Previous studies showed
that axonal damage is highly associated with muscle weakness and therefore we performed the
analysis without axonal damage as an independent factor.”> We found that presence of anti-GM1
IgM antibodies and ‘years untreated’ were associated with more severe weakness, which is similar
to findings of smaller previous studies.?*?® These data imply that to prevent permanent weakness,
reducing time to diagnosis and providing earlier treatment are crucial. Increased awareness of
MMN and possibly the extension of reliable diagnostic tools, such as nerve ultrasound might
serve this goal. We think that MMN should also be actively excluded in older patients or those

with asymmetric weakness in a leg.

The follow-up data showed that almost all outcome measures significantly deteriorated over time.
However, there were some exceptions, most notably vigorimetry of the left hand. Although we
cannot explain this finding, we previously observed that weakness is more common in the dominant
hand." This has also been reported for other inflammatory asymmetric syndromes such as neuralgic
amyotrophy.”” Moreover, fatigue seemed to improve over time. Fatigue is a common symptom
of chronic immune-mediated disorders but without intervention, at best remains stable but often
deteriorates over time.®?’ A possible explanation for the improvement of fatigue in MMN could
be that patients get used to the feeling of fatigue or adapted by changing frequency or intensity of
their daily activities (e.g. change or quit their jobs, improve their lifestyles). We do not think that
immunoglobulin therapy provides an explanation for the reduction in reported fatigue, since both in

2007 and in 2015 approximately 85% of the patients received maintenance therapy.
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Median age at onset of symptoms and age of diagnosis significantly increased over time. The
higher median age at diagnosis could be explained by an already increased awareness of MMN,
resulting in more frequent clinical suspicion in older patients presenting with asymmetric weakness.
Moreover, the addition of novel diagnostic techniques other than nerve conduction studies such as
nerve ultrasound or the more frequent use of immunoglobulin trials to assess response to treatment
could have led to the higher median age at diagnosis. The cause of the increase of age at onset is
unknown although it is not unique for MMN. Similar trends have been observed in amyotrophic
lateral sclerosis (ALS) (unpublished data of ALS cohort of 2900 patients in UMC Utrecht The
Netherlands).** We can therefore not exclude the possibility that this trend is caused by changes in

an altered referral pattern of patients with motor neuron disorders in our center.

Despite the fact that MMN is considered a pure motor neuropathy, we found vibration sense
abnormalities in 57% of the patients. These deficits were confined to the feet in 97% of the patients
and in general occurred in patients with longer disease duration. Vibration sense also significantly
deteriorated over time, which is similar to previous studies that showed reduced sensory nerve action

potentials years after MMN onset.>! 32

Our study has some limitations. Neurological examination at both study visits was performed
by different investigators. However, the authors who performed neurological examination were
trained prior to the second tier of the study to minimize differences in performance, evaluation
and interpretation of the MRC and Rydell-Seiffer scales. The large majority of patients received
immunoglobulin maintenance treatment, which will have attenuated the true progression of MMN.
Moreover, the relation of disease course with immunoglobulin therapy was not a primary aim of
our study. We usually tailor treatment dose and frequency to maintain stable function between gifts.
Although we found a significant increase in dose of immunoglobulin over time, possible relations

between the therapy and progression should be a topic for future studies.

Our study shows that MMN is a progressive disorder in the large majority of patients despite
immunoglobulin maintenance treatment. Diagnostic delays are more common in older patients
or with onset of weakness in one of the legs. Absence of reflexes and lower MRC sum score at
baseline predict a more progressive disease course. Whether these patients would benefit from more

aggressive treatment approaches with immunoglobulins needs to be established.
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SUPPLEMENTAL MATERIAL

Supplemental table 2.1 Specification of neurological examination and questionnaires

Modality

Description

MRC score

Vibration sense

Vigorimetry

Bilateral measurement of motor function (sum score between 0 — 180 points):
Abduction of the arm
Flexion and extension of the wrist and fingers
Spreading of the fingers
Abduction, adduction, and opposition of the thumb
Flexion of the hip
Flexion and extension of the knee and foot
Extension and flexion of the toes
Bilateral assessment of sensory function using Rydell-Seiffer tuning fork:
Normal (grade 0)
Abnormal at hallux (grade 1)
Abnormal at ankle (grade 2)
Abnormal at knee (grade 3)
Abnormal at acromioclavicular joint or anterior superior iliac spine (grade 4)

Bilateral measurement of grip strength in kilopascal (kPa) with the Martin Vigorimeter
(Martin medizintechnik, Tuttlingen, Germany)

Abbreviations: MRC = Medical Research Council
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Supplemental table 2.2 Mean MRC grade per muscle group

Examination site Total cohort Short disease duration  Long disease duration »
(n =100) (m=50) (n=50)
Arm
Elbow flexion 4.4 4.5 43 0.63
Elbow extension 4.7 4.7 4.6 0.33
Shoulder abduction 45 45 45 0.38
Wrist flexion 44 45 43 0.63
Wrist extension 39 4.1 3.6 0.20
Hand
Finger flexion 4.5 4.7 43 0.01
Finger extension 33 3.7 3.0 0.03
Finger spreading 3.1 35 2.7 0.03
Thumb adduction 34 39 29 0.01
Thumb abduction 30 3.6 24 0.01
Thumb opposition 32 3.7 2.7 0.03
Leg
Hip flexion 49 4.8 49 0.33
Knee flexion 49 49 49 0.73
Knee extension 49 50 49 0.38
Foot
Foot plantar flexion 43 4.8 39 0.03
Foot dorsal flexion 34 42 2.6 0.01
Toes flexion 4.2 4.7 3.7 0.03
Toes extension 35 4.1 29 0.04

Short disease duration is defined as disease duration < 180.6 months. Long disease duration is defined as disease

duration = 180.6 months. Abbreviations: MRC = Medical Research Council.
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Supplemental table 2.3 Overview of outcome measures

Variable All patients (n = 100)
MRC sum score 165 (69 — 180)
Vibration sense
Normal 42 (42%)
Abnormal in at least one limb 58 (58%)
Reflexes
Normal 20 (20%)
Abnormal in at lease one reflex 79 (79%)
Generalized areflexia 16 (16%)
ODSS
Arms 2(0-4)
Legs 1(0-5)
Total 3(0-18)
SES 10 (1 -25)
FSS 37(9-61)

Data are shown in median (range) or in number of patients (%).
Abbreviations: MRC = Medical Research Council; ODSS = Overall Disability Sum Scale; SES = Self-evaluation
Scale; FSS = Fatigue Severity Scale.
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ABSTRACT

Objective: Magnetic resonance imaging (MRI) of the brachial plexus shows nerve thickening in
approximately half of the patients with chronic inflammatory demyelinating polyneuropathy (CIDP)
and multifocal motor neuropathy (MMN). The reliability of qualitative evaluation of brachial plexus

MRI has not been studied previously.

Methods: We performed an interrater study in a retrospective cohort of 19 patients with CIDP,
17 patients with MMN and 14 controls. The aim was to assess inter-rater variability between
radiologists using a predefined scoring system that allowed the distinction of no, possible or definite

nerve thickening.

Results: Raters agreed in 26 of 50 (52%) of all brachial plexus images. Kappa coefficient was
0.30 (SE 0.08,95% CI1 0.14 — 0.46, p < 0.0005).

Conclusion: Our results indicate that inter-rater reliability of qualitative evaluation of brachial

plexus MRI is low. Objective criteria for abnormality are needed to optimize the diagnostic value

of MRI for inflammatory neuropathies.
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INTRODUCTION

Magnetic resonance imaging (MRI) of the brachial plexus can be helpful to diagnose inflammatory
neuropathies such as chronic inflammatory demyelinating polyneuropathy (CIDP) and multifocal motor
neuropathy (MMN). The diagnostic challenge in CIDP and MMN is to distinguish these disorders from

those that do not respond to immunomodulatory treatment.

Diagnostic criteria for CIDP and MMN primarily rely on clinical phenotype and specific nerve conduction
study (NCS) abnormalities.'? Brachial plexus MRI can be of diagnostic value when NCS is inconclusive
despite high clinical suspicion. Magnetic imaging abnormalities associated with CIDP and MMN are
thickening of roots, plexus and nerves, often combined with T2 hyperintensity.>~ Previous MRI studies
were exclusively qualitative and lacked clear definitions of abnormality.® To clarify the value of brachial

plexus MRI in the diagnostic workup of inflammatory neuropathies, we assessed interrater variability.

METHODS

Study design
We performed an interrater study in a retrospective cohort of patients with CIDP and MMN and controls.

Subjects

Patients aged 18 to 85 years with CIDP and MMN according to the European Federation of Neurological
Societies/Peripheral Nerve Society criteria'?, who were seen at the University Medical Center (UMC)
Utrecht and who underwent brachial plexus MRI between September 2016 and September 2018 were
selected for this study. Brachial plexus MRI from patients with other causes of peripheral motor deficits

were used as controls.

Clinical data

We obtained clinical data from electronic patient records, including age, sex and time from onset of
symptoms to diagnosis in months, defined as disease duration. All patients gave informed consent. This
study was approved by the Medical Ethical Committee of the UMC Utrecht.

MRI protocol and assessment

Brachial plexus MRI was performed for diagnostic purposes and was reassessed for this study. Scans were
performed on 1.5 and 3.0 Tesla (T) scanners (Philips, Best, the Netherlands). The MRI protocol consisted
of a fat-suppressed coronal 3D T2-weigthed short-tau inversion recovery (STIR) with the following
parameters: field of view = 250%*320% 170 mm?®, matrix size =208%269, voxel size =0.6%0.6* 1 mm?,echo
time = 259 ms, repetition time = 2200 ms, turbo spin echo factor = 95, acquisition time = 06:16 minutes.

In postprocessing, a coronal slab maximum intensity projection (MIP) was created.
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We developed a scoring system with categories of abnormality of nerve thickening (Figure 3.1). Scans
were scored using a 3-point scale (1 = no nerve thickening, 2 = possible nerve thickening, 3 = definite
nerve thickening). Examples of abnormality were selected from a subset of all included patients by two
experienced (2 years and > 30 years) neuroradiologists (AG, TW) via discussion and consensus. The
examples were saved using the “Teaching Tool” in PACS IDS7 19.3.12 (Sectra AB, Linkoping, Sweden).
With this tool raters can scroll through images and compare them with the target image. The radiologists
scored all images using PACS IDS7. The degree of abnormality was assessed by the overall impression
of the entire brachial plexus. Images were presented to raters in the same order, blinded to clinical status

of the subjects and on screens with similar resolution.

Statistical analysis

Statistical analyses was performed using IBM SPSS Statistics (Version 25, Armonk, New York, United
States). To analyze patient characteristics we used independent samples 7 tests. The interrater variability
of qualitative assessments of brachial plexus MRI was determined by Cohen’s kappa as coefficient for
measure of agreement because we evaluated categorized data with limited categories. We interpreted a
kappa value of 0.00 — 0.20 as no agreement, 0.21 — 0.39 as minimal, 0.40 — 0.59 as weak, 0.60 — 0.79
as moderate, 0.80 — 0.90 as strong and > 0.90 as almost perfect agreement.” p < 0.05 was considered

significant. We calculated sensitivity and specificity per rater using receiver operating characteristic curves.

Figure 3.1 The brachial plexus scoring system

Category 1 Category 2 Category 3

MIP

3D STIR

Representative images of the scoring system used to define categories of abnormality, i.e. category 1 = no nerve
thickening, 2 = possible nerve thickening, 3 = definite nerve thickening. Each category represents an example
of a Maximum Intensity Projection (MIP) and 3D short-tau inversion recovery (STIR) image.
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RESULTS

Subjects

We identified 36 patients with a chronic inflammatory neuropathy (CIDP = 19, MMN = 17)
and 14 disease controls (motor neuron disease = 4, Hirayama disease = 3, ulnar neuropathy = 1,
neurogenic thoracic outlet syndrome = 1, polyneuropathy in Sjogren’s disease = 1, brachial
plexopathy caused by alcohol abuse = 1, cervical myelopathy = 1, lumbar polyradiculopathy = 1,
chronic idiopathic axonal polyneuropathy = 1). Patient characteristics are summarized in Table 3.1.
Data was acquired for 26 subjects by using 1.5T MRI scanners and for 24 subjects by using 3.0T

MRI scanners.

Table 3.1 Patient characteristics

Patient characteristics Inflammatory neuropathy Controls Level of
significance
Total CIDP MMN Total
Number of subjects 36 19 17 14
Age, years (SD) 59.7(14.9) 69.9 (9.0) 483 (11.7)  55.2(16.5) NS
Male (%) 26 (72%) 12 (63%) 14 (82%) 7 (50%) NS
Disease duration, months (SD) | 43.3(47.7) 45.0(48.7) 41.5(48.0)  39.1(37.0) NS

Abbreviations: CIDP = Chronic inflammatory demyelinating polyneuropathy; MMN = Multifocal motor
neuropathy; SD = standard deviation; NS = not significant. Age and disease duration are mean (SD).

Inter-rater variability

Raters agreed in 26 of 50 (52%) brachial plexus images when using three categories for
abnormality (Table 3.2). Using the dichotomy normal — abnormal (i.e. category 1 versus categories
2 and 3) raters agreed in 36 of 50 (72%) cases. Kappa coefficient was 0.44 (SE 0.13, 95% CI
0.19 - 0.67, p = 0.002). Kappa coefficients for both methods indicate a minimal to weak level of

agreement between raters.

In 15 of 50 (30%) cases rater 1 scored “possible nerve thickening” while rater 2 scored “no nerve
thickening” or “definite nerve thickening”. Discrepancies between raters seem therefore to be caused
mostly by the appreciation and distinction of subtle abnormalities (Figure 3.2). Sensitivity was 61%
and 75% and specificity was 79% and 86% for rater 1 and 2 respectively. Area under the curve was
0.698 (95% CI1 0.539 —0.858) for rater 1 and 0.804 (95% CI1 0.667 —0.940) for rater 2 (Figure 3.3).
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Table 3.2 Assessment of brachial plexus MRI by two raters.

- [\ o a
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Rater 1 (number of cases) 25 17 8 50
Rater 2 (number of cases) 21 4 25 50
Cases of agreement 16 2 8 26 (52%) 0.30(0.08) 0.14-046 <0.0001

Abbreviations: SE = standard error; CI = confidence interval.

Kappa coefficients for assessment of images performed with 1.5T and 3.0T scanners were
0.26 (SE 0.13,95% CI1 0.00 — 0.56, p = 0.032) and 0.26 (SE 0.10, 95% CI1 0.07 —0.49, p = 0.012),

respectively.

Figure 3.2 Examples of interrater disagreement

Subject A Subject B Subject C

MIP

3D STIR

Subject A was rated as “possible nerve thickening” by rater 1 and as “no nerve thickening” by rater 2. Subject
B and C were rated as “possible nerve thickening” by rater 1 and as “definite nerve thickening” by rater 2. This
figure shows the difficulties in classifying subtle nerve thickening as either normal or as thickening. Each subject
represents an example of a Maximum Intensity Projection (MIP) and 3D short-tau inversion recovery (STIR)

image.
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Figure 3.3 ROC curves per rater
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Receiver operating characteristic (ROC) curve of rater 1 (red line) and rater 2 (blue line) with an area under the
curve (AUC) of 0.698 (95% CI 0.539 — 0.858) and 0.804 (95% CI 0.667 — 0.940) respectively. Reference line

in green.

DISCUSSION
This study shows that raters agreed in 26 of 50 (52%) images, indicating poor reliability. Although

agreement was better when data were dichotomized (normal versus abnormal), our results indicate
that difficulties are related mostly to distinguishing more subtle cases of nerve thickening. Objective
criteria for abnormality are needed to avoid false positive and negative results and to optimize the

diagnostic value of MRI for inflammatory neuropathies.
The poor agreement may have several explanations. We cannot exclude the possibility that the
difference in radiological experience between raters underlies the poor reliability. However, the
assessors work in the same department and had comparable training in neuroradiology. This may
be an indication that interrater variability could even have been higher had we selected radiologists
from different hospitals and training backgrounds. Furthermore, the gap in experience represents
current clinical practice. Second, assessors of brachial plexus MRI may lack clear reference points,
in particular when abnormalities are two-sided, which may have caused best-guessing particularly in
cases from category 2. Third, three categories in the scoring model may have been one category too
many. Analysis of dichotomized data led to a slightly higher kappa, but still indicated a poor level of
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agreement. Fourth, differences between scanners may partially explain the poor level of agreement.
However, despite small groups, our results showed similar agreement with overlapping confidence

intervals for assessment of images performed on 1.5T and 3.0T scanners.

Earlier studies in chronic inflammatory neuropathies and plexus MRI focused on characteristics,
distribution and prevalence of abnormalities.> This study addresses the reproducibility of assessment
of such abnormalities. Quantification of these abnormalities represents an obvious approach to
improve reproducibility and reliability of assessment. Quantification of nerve size allows the
identification of patients with CIDP or MMN with high sensitivity and reasonable specificity as
shown in ultrasound studies.!’ Few studies that have explored the use of quantitative MRI in chronic
inflammatory neuropathies. One study reported cutoff values of 5.0 mm for roots C6, C7 and C8 to
distinguish patients with CIDP (n = 14) from controls (n = 10).!! Sensitivity and specificity were not
reported, probably due to the small sample size. Another recent study used the diameter of the ganglia
and nerve roots of C5 to T1 and found these to be significantly larger in patients with CIDP (n = 14)
than in controls (n = 9), providing evidence to support the feasibility of this approach. However,
sensitivity of ganglia measurements was only 48%, despite a specificity of 92%.'? Sensitivity of root
measurements was slightly better at 62%, with 82% specificity. Interrater agreement was good for
both ganglia and root measurements. One study did not find any differences in cervical nerve root
diameter between patients with CIDP (n = 15) and controls (n = 29)."* Three-dimensional volume
measurements may be another approach. A recent study showed increased volume of peripheral
nerves in patients with CIDP (n = 13) compared to controls (n = 12) using MRI with diffusion-
weighted whole-body imaging with background body signal suppression.'* Combined, these studies

suggest the potential of a quantitative approach to improve diagnostic reliability.

The potential of imaging techniques for diagnosis of CIDP and MMN has been demonstrated by
several recent studies.'>™'® In one of these studies MRI was abnormal in 22 of 38 (58%) patients with
CIDP without definite electrodiagnostic criteria, which led to an adjustment of final diagnosis to
definite CIDP in 7 patients."> Additional studies are required to determine reproducible and reliable
quantification techniques with optimal sensitivity and specificity in order to ensure proper diagnosis

of treatment-responsive polyneuropathies.
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ABSTRACT

Objective: To develop a quantitative approach to assess abnormalities on MRI of the brachial plexus
and the cervical roots in patients with chronic inflammatory demyelinating polyneuropathy (CIDP)
and multifocal motor neuropathy (MMN) and to evaluate interrater reliability and its diagnostic

value.

Methods: We performed a cross-sectional study in 50 patients with CIDP, 31 with MMN and 42
disease controls. We systematically measured cervical nerve root sizes on MRI bilaterally (CS5, C6,
C7) in the coronal (diameter (mm)) and sagittal planes (area (mm?)), next to the ganglion (G,) and
1 cm distal from the ganglion (G,). We determined their diagnostic value using a multivariate binary

logistic model and ROC analysis. In addition, we evaluated intra- and interrater reliability.

Results: Nerve root size was larger in patients with CIDP and MMN compared to controls at all
predetermined anatomical sites. We found that nerve root diameters in the coronal plane had optimal
reliability (intrarater ICC 0.55 —0.87; interrater ICC 0.65—0.90). AUC was 0.78 (95% C10.69 —0.87)
for measurements at G and 0.81 (95% CI 0.72 — 0.91) for measurements at G,. Importantly, our
quantitative assessment of brachial plexus MRI identified an additional 10% of patients that showed

response to treatment, but were missed by nerve conduction (NCS) and nerve ultrasound studies.
Conclusion: Our study showed that a quantitative assessment of brachial plexus MRI is reliable.

MRI can serve as an important additional diagnostic tool to identify treatment responsive patients,

complementary to NCS and nerve ultrasound.
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INTRODUCTION

Chronic inflammatory demyelinating polyneuropathy (CIDP) and multifocal motor
neuropathy (MMN) are rare disorders that often respond to treatment. Diagnostic criteria have
been developed to distinguish CIDP and MMN from more common neuropathies and motor neuron
disorders that rely on sets of typical clinical combined with specific electrodiagnostic features.'?
Diagnosing CIDP or MMN remains challenging when nerve conduction studies (NCS) do not meet

the required electrodiagnostic criteria.>?

Nerve imaging by means of qualitative MRI is recommended in diagnostic guidelines for cases
without NCS abnormalities. MRI of the brachial plexus and cervical nerve roots shows nerve root
thickening and increased T2 signal intensity in 45-57% of patients.*” These abnormalities have
therefore been included as a supportive criterium in the diagnostic criteria for CIDP and MMN.!
However, qualitative assessments showed low interrater reliability.®? In contrast, a quantitative
assessment of nerve ultrasound showed excellent test characteristics for the detection of inflammatory
neuropathies.!!3 This suggests that quantification of MRI abnormalities may improve its diagnostic

value.

Therefore, the aim of our study is to systematically assess nerve root sizes on MRI of the brachial
plexus and cervical nerve roots in a large cohort of patients with chronic inflammatory neuropathies
and relevant disease controls. Using these data, we investigated interrater reliability and the diagnostic

value of MRI in addition to NCS and nerve ultrasound.

METHODS

Study design

We performed a cross-sectional study in prevalent and incident patients with CIDP and MMN,
and clinically relevant controls (i.e. amyotrophic lateral sclerosis ALS) or progressive muscular
atrophy (PMA)). We used a standardized protocol to systematically assess cervical nerve root sizes,
determined their diagnostic value and reproducibility and developed a risk chart including objective

cut-off values for abnormality.

Patients and clinical data

All prevalent and incident patients with an established diagnosis of CIDP or MMN, visiting our
neuromuscular outpatient clinic at the University Medical Center Utrecht (UMCU), were eligible for
inclusion. We used previously published diagnostic criteria for CIDP and MMN, in short for CIDP
we used the diagnostic criteria as defined in the EFNS/PNS guideline and for MMN we used the

Utrecht criteria.!? As disease controls, we enrolled a random sample of patients with motor neuron
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disease (ALS and PMA), according to the Brooks criteria.'* We excluded patients aged < 18 years,
patients with motor neuron disease that had a bulbar onset of symptoms and patients who were
physically unable to undergo MRI or who met one of the routine contraindications to MRI (e.g.
pacemaker, non-MRI approved surgical clips or implants, claustrophobia, a recent prosthetic

operation).

We obtained demographic and clinical data, including treatment response and results from routine
diagnostic work-up, i.e. diagnostic NCS and nerve ultrasound results. Treatment response was
evaluated based on the discretion of the treating physician. Written informed consent was obtained

from all study participants.

Routine diagnostic work-up

Nerve conduction studies

Diagnostic NCS were performed using a Nicolet Viking IV EMG machine (CareFusion Japan,
Tokyo, Japan) following previously described protocols.!*!® The results were interpreted using the
EFNS/PNS criteria for CIDP (definite, probable, possible) and the Utrecht criteria for MMN (definite
motor conduction block, probable motor conduction block, slowing of conduction compatible with

demyelination).!?

Nerve ultrasound

Diagnostic nerve ultrasound was performed using a Philips Affinity 70G (Philips Medical
Instruments, eL. 1-48 MHz linear array transducer) following a previously published protocol." In
short, we collected nerve sizes of the median nerves (forearm and upper arm) and brachial plexus
trunks bilaterally. We used the ellipse tool to measure cross sectional area (mm?) and we used cut-off
values for abnormal nerve size to identify patients with a chronic inflammatory neuropathy (median
nerve forearm > 10 mm? and upper arm > 13 mm?; plexus trunks > 9 mm?). Nerve ultrasound was

considered abnormal if nerve enlargement was present at = 1 measured sites.

Equipment and MRI parameters

All patients underwent an MRI scan of the brachial plexus and cervical nerve roots on a 3.0
Tesla MRI scanner (Philips Healthcare, Best, the Netherlands) using a 24-channel head neck coil.
All participants were positioned in supine position. We performed 3D turbo spin echo spectral
presaturation with inversion recovery (SPIR) in a coronal and sagittal slice orientation with the
following acquisition parameters: field of view = 336¥336%170 mm, matrix size = 224*223, voxel
size =0.75%0.75%1 mm?, echo time = 206 ms, repetition time = 2200 ms, turbo spin echo factor = 76,
sense factor = 3 (P reduction right/left) and 1.5 (S reduction anterior/posterior), acquisition
time = 03:59 minutes. A coronal slab maximum intensity projection (MIP) was created as a post-

processing step (slab thickness = 10 mm, number of slabs = 75).
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Nerve root measurements on MRI data

We measured cervical nerve root sizes in coronal and sagittal planes, using PACS IDS7 21.1.2 (Sectra
AB, Linkoping, Sweden). We used the distance tool to measure diameters (mm) of nerve roots in
coronal MIP images. Nerve root diameter was measured perpendicular on the center lines of the
nerve roots, bilaterally in root C5, C6 and C7 at two predetermined anatomical sites: directly next
to the ganglion (G,) and 1 cm distal from the ganglion (G)). In addition, we used the cross-cursor
tool to identify the corresponding sites of these measurements on the sagittal 3D TSE SPIR, and
measured cross sectional area (mm?) in the sagittal plane using the area tool, which is a manual tracer,
resulting in 24 measurements in total per subject (duration 3-5 minutes per subject, Figure 4.1).
Zoom magnification was standardized to 1x for all images. As anatomic variability in the brachial
plexus is common, and may be even more present in more distal parts,'® we decided to not perform
measurements when individual nerve roots merged, divided or showed other anatomical variances.
We also did not perform measurements when image quality was poor. To determine intrarater
reliability, one rater (MVR) performed all measurements twice in two sessions with an interval of 1
month between the first and second session. To determine interrater reliability a second rater (AG)

scored a random sample of 20 MRI scans from our data set. Both raters were blinded to clinical status.

Figure 4.1 Example of nerve root measurements in coronal and sagittal planes.

Coronal

Sagittal

Method of measurements in coronal (upper) and sagittal (lower) planes. Coronal measurements in maximum
intensity projection images (A) using 1x zoom (B) and callipers placed in nerve root C5 (red), C6 (green) and
C7 (yellow) next to the ganglion (blue arrow) and 1 c¢m distal of the ganglion (C). Sagittal measurements in
T2 weighted fat-suppressed images using a cross-cursor to identify corresponding measurement sites (D) and
1x zoom (E). Measurements were then performed at these corresponding measurement sites (F, G). R = right;
L = left; A = anterior; P = posterior.
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Statistical analysis

IBM SPSS Statistics (Version 25, Chicago, Illinois, United States) was used for statistical analysis.
To compare patient characteristics between cases and controls, we used one-way analysis of
variance (ANOVA) for numerical data and Chi-squared test for categorical data. To evaluate the
feasibility of our method we compared numbers of successfully performed measurements between the
coronal and sagittal plane and between G, and G, using an independent samples ¢ test. To determine
mean nerve root size we also used an independent samples 7 test. Results with a p value < 0.05 were
considered significant. To evaluate intra- and interrater reliability we used the intraclass correlation
coefficient (ICC). We calculated a mean ICC of the right and left side per measurement site. We
considered an ICC < 0.50 as poor reliability, 0.50 — 0.75 as moderate, 0.75 — 0.90 as good and > 0.90

as excellent reliability."”

ROC analysis and development of risk chart

We used receiver operating characteristic (ROC) analysis to determine area under the curve (AUC)
per nerve root (C5, C6, C7) and for two different combinations of measurement: 1. mean of all three
nerve roots bilaterally next to the ganglion (3 variables) and 2. mean of all three nerve roots 1 cm
distal from the ganglion (3 variables). We then used a multivariate binary logistic model for both
combinations separately with measurement sites as covariates. With the results of this model we

calculated the log odds for having an inflammatory neuropathy using the following equation (Eq. 1):

log (ﬁ) = By + B1C5 + B,C6 + B3C7  (Eq.1)

Where f3is the constant, b,, b, and b, the logistic regression coefficients of nerve roots C5, C6 and
CT7 respectively and C5, C6 and C7 the diameters of the nerve roots in millimetres. Subsequently, we
took the inverse logit to obtain p, i.e. the absolute probability of having an inflammatory neuropathy,

using the following equation (Eq. 2):

1
p= 1 + e—(Bo+BiC5+ B2C6 + B3CT) (Eq.2)

To develop a risk chart, we calculated p for different combinations of C5, C6 and C7 and for
both combinations of measurement sites. Finally, we obtained a cut-off value for p obtaining 95%

specificity, i.e. we determined at which p we considered MRI to be abnormal.
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RESULTS

Patients

We included a total of 123 patients (CIDP = 50, MMN = 31, disease controls = 42). Patient
characteristics are summarized in Table 4.1. Patients with MMN were younger than patients
with CIDP and disease controls (p < 0.001). We found no significant differences in other baseline
characteristics between groups.

Table 4.1 Patient characteristics

Parameter Inflammatory neuropathy Motor neuron  Level of
CIDP MMN disease significance
Number of patients 50 31 42 -
Age, years (SD) 63.8(94) 525 (11.7) 63.1(11.2) <0.001*
Male (%) 42 (84.0%) 29 (93.5%) 31 (73.8%) 0.083
Disease duration, months (SD) 33.6(652) 61.8(80.5) 454 (38.1) 0.143
Nerve conduction study
Inconclusive (%) 14 (28.0%) 7 (22.6%) -
Possible (CIDP)/Slowing of conduction (MMN)| 9 (18.0%) 3 (9.6%) -
(%)
Probable (%) 2 (4.0%) 3(9.6%) -
Definite (%) 25(50.0%) 18 (58.1%) -
Ultrasound
Normal (%) 10 (20.0%) 6 (19.4%) 5(11.9%)
Abnormal (%) 35(70.0%) 25 (80.6%) 3(7.1%)
Missing (%) 5 (10.0%) 0 (0.0%) 34 (81.0%)

* Age differs significantly between patients with MMN and patients with CIDP, and between patients with MMN
and disease controls.

Nerve root measurements on MRI

Feasibility of measuring method

Table 4.2 summarizes the number of measurements per nerve root that could be performed
successfully. We obtained more measurements at G, compared to G, (p < 0.001). Measurements in
the coronal plane were more often successful than in the sagittal plane (p < 0.001). We established
that this was mostly related to early merging or dividing nerve roots and the fact that images showed

lower image quality more distally.
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Table 4.2 Rate of overall successful measurements per nerve root on brachial plexus MRI performed
by one rater

Nerve root Coronal Sagittal
Ganglion 1cm Ganglion 1cm
C5 Right 120 (97.5%) 100 (81.3%) 115 (93.5%) 74 (60.2%)
Left 119 (96.7%) 85 (69.1%) 110 (89.4%) 56 (45.5%)
Co6 Right 120 (97.5%) 96 (78.0%) 120 (97.5%) 89 (72.4%)
Left 122 (99.2%) 87 (70.7%) 118 (95.9%) 66 (53.7%)
C7 Right 118 (95.6%) 73 (59.3%) 116 (94.3%) 68 (55.2%)
Left 119 (96.7%) 70 (56.9%) 114 (92.7%) 60 (48.8%)

Number of measurements performed per nerve root differed between coronal and sagittal plane due to lower
image quality, and between measurement site (next to ganglion or 1 cm distal from ganglion) due to merging

or dividing of nerve roots.

Intra- and interrater reliability

Table 4.3 shows the intraclass correlation coefficients (ICC) within and between raters. We found
moderate to good intrarater reliability in both plane orientations (ICC 0.55 — 0.87 in coronal plane,
and 0.63 — 0.86 in sagittal plane). We found moderate to good interrater reliability in the coronal
plane (ICC 0.65 — 0.90) but a poor to good reliability in the sagittal plane (ICC 0.47 —0.84). Overall,

we found higher consistency in measurements performed in the coronal plane orientation.

Table 4.3 Reliability of nerve root measurements on brachial plexus MRI

Site Intrarater reliability Interrater reliability
Coronal Sagittal Coronal Sagittal
C5 Ganglion | 0.81(0.74-0.86) 0.69 (0.58-0.77) 0.81(0.58-0.92) 0.52(0.09-0.78)
1 cm 0.55(041-0.67) 0.63(047-0.74) 0.78(0.51-091) 0.62(0.14-0.87)
C6 Ganglion | 0.77 (0.69-0.84) 0.68 (0.58-0.77) 0.77(0.37-0.89) 0.47(0.04-0.75)
Icm 0.84(0.77-0.89) 0.83(0.74-0.88) 0.82(0.58-0.93) 0.79(0.50-0.92)
C7 Ganglion | 0.78 (0.70-0.84) 0.75(0.67-0.82) 0.65(0.13-0.87) 0.73 (0.44 -0.89)
1 cm 0.87(0.81-091) 0.86(0.79-091) 0.90(0.60-0.97) 0.84 (0.35-0.96)

Intraclass correlation coefficient (ICC) with 95% confidence interval for every measurement site in coronal and

sagittal planes.

Mean nerve root size

Mean nerve root sizes are summarized in Table 4.4. Nerve root sizes in patients with CIDP and

MMN were larger compared to disease controls, at all predetermined anatomical sites (p varied

from < 0.001 to 0.026).
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Table 4.4 Mean nerve root sizes per measurement site

Nerve root Inflammatory Control MD (95% CI) Level of
neuropathy n=42) significance
(m=81)

CORONAL

C5 Ganglion 3.0(0.8) 2.5(0.6) 0.5(0.3-0.7) <0.001
Icm 2.8(0.9) 22(0.5) 0.6 (0.3-0.8) <0.001

Co6 Ganglion 3809 33(0.6) 0.5(0.2-0.8) <0.001
Icm 3.6(1.1) 29(0.7) 0.7(03-1.1) <0.001

c7 Ganglion 4.0(0.9) 340.7) 0.7(03-1.0) <0.001
Icm 37 (1.1 2.8(0.6) 0904-14) <0.001

SAGITTAL

Cs Ganglion 21.6 (6.8) 18.5(5.7) 3.1(0.7-5.6) 0.013
1 cm 203 (7.2) 16.7 (4.4) 3.6(1.1-6.1) 0.005

C6 Ganglion 272 9.1) 234(52) 38(0.8-6.8) 0.013
1cm 253 (11.5) 19.2 (6.5) 6.1(20-10.2) 0.004

C7 Ganglion 264 (104) 220(54) 44(15-72) 0.003
Icem 23.1(14.7) 16.1 (4.3) 7.1(09-13.3) 0.026

Nerve root sizes are mean (standard deviation). Coronal measurements are in millimetres (mm). Sagittal
measurements are square millimetres (mm?) Abbreviations: MD = mean difference; CI = confidence interval;

SD = standard deviation.

ROC analysis and development of risk chart

Sagittal measurements were less often successful because of lower data quality and overall lower
reliability (Table 4.2 and 4.3). We therefore decided to exclude the measurements in the sagittal
plane from further analysis. Results from the ROC analysis are shown in Figure 4.2. We found a
comparable AUC for both predetermined anatomical sites in the coronal plane (G, and G,). We
developed a risk chart (Figure 4.3) that predicts the absolute chance of having a chronic inflammatory

neuropathy, based on different combinations of nerve root sizes of C5, C6 and C7.
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The added value of MRI

ROC analysis showed that at a set specificity of 95%, the sensitivities are 27% for G, and 17% at
G,. With this specificity, a probability of = 61% for measurements at G and = 69% at G, in the risk
chart were considered abnormal or likely to have a chronic inflammatory neuropathy (Figure 4.3).
With these cut-off values, we determined which patients in our data set had an abnormal MRI and
we investigated the added value of brachial plexus MRI in addition to NCS and nerve ultrasound.
We found that NCS combined with nerve ultrasound identified most patients with an inflammatory
neuropathy. The majority of patients with abnormal ultrasound findings also had abnormal MRI
findings (Figure 4.4A and B). However, 5/50 (10%) patients with CIDP had an abnormal MRI
result, while NCS did not fullfill the criteria for CIDP and ultrasound did not show abnormalities.
All patients had a good response to treatment. Clinical symptoms and laboratory findings of these

5 patients are summarized in Table 4.5. MRI did not have any added diagnostic value for MMN.

Figure 4.2 ROC analysis of nerve root size measurements on MRI

A B w0
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2o 2
= 2
= =
@ 7]
c c
D o4 © o
%] n
02 02
00 02 04 06 08 10 00 02 04 06 08 10
c D
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(95%C10.72-0.91)
00 02 04 06 08 10 00 02 04 06 08 10

1 — Specificity 1 — Specificity

ROC curves of measurements per nerve root next to the ganglion (A) and 1 cm distal of the ganglion (B) are
shown in the upper panels. Combined ROC curves of measurements next to the ganglion (C) and 1 cm distal
of the ganglion (D) are shown in the lower panels. Combined measurements are expressed as area under the
curve (AUC) and 95% confidence interval (CI).
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Figure 4.3 Risk chart for predicting CIDP or MMN based on nerve root sizes

Ganglion 1cm
C5 (mm)
. Noinflammatory neuropathy
. Inflammatory neuropathy
35
30
B
£ 25
~
[3)
2.0
15
15 28 40 56 65 15 28 40 56 65
C6 (mm) C6 (mm)

Risk charts for measurements next to the ganglion (left panels) and 1 cm distal from the ganglion (right panels).
The risk chart provides the absolute risk of having CIDP or MMN based on different combinations of nerve
root thickness of nerve root C5, C6 and C7. Every cell of the table contains the probability of having CIDP or
MMN (e.g. for measurements next to the ganglion (left panels): if C5 is 1.5 mm, C6is 1.5 mm and C7 is 1.8 mm,
the probability of having CIDP or MMN is 8%). A probability of = 61% for measurements next to the ganglion
and = 69% for measurements 1 cm distal from the ganglion were considered abnormal (cells in red). The axes

range between the 95% lowest and highest measurements.
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Table 4.5 Patient characteristics of patients with CIDP who did not fulfil diagnostics criteria on NCS
and without ultrasound abnormalities

Patient

Male/female

Clinical presentation

NCS

68

Male

Male

Male

Male

Male

Symmetrical weakness in proximal
and distal arm and leg muscles; loss
of vibration, touch and position sense

in arms and legs; areflexia

Asymmetrical weakness in proximal
and distal right arm muscles and right
leg muscles; loss of vibration sense
distal from knees; low reflexes in the

arms, areflexia in the legs

Asymmetrical weakness in proximal
and distal right arm; tremor; loss of
vibration sense in feet; areflexia.
Symmetrical weakness in proximal
and distal leg muscles; fluctuating
pain in legs; loss of vibration sense in

feet; areflexia

Symmetrical weakness in extensor
hallucis longus muscle; loss of
vibration and touch sense in feet up
to the knees; low reflexes in the arms,
areflexia in the legs.

CMAPV right median, right peroneal
and left tibial nerve. ADML bilateral
median nerves. Y SNAP bilateral

median, ulnar, radial and sural nerves.

CMAPV bilateral median, right ulnar,
bilateral peroneal and left tibial nerve.
~DML bilateral median nerves.
Normal SNAP’s.

CMAPuright median nerve. ADML
left median nerve. VSNAP bilateral
median and sural nerves.
CMAPV right peroneal and left tibial
nerve. 2DML right median and left
ulnar nerve. VSNAP bilateral sural

nerves.

CMAP~ left median, bilateral ulnar
and peroneal, right tibial nerve.
DML right median nerve. VSNAP
bilateral median, right ulnar, left
tibial, bilateral sural.
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Electrodiagnostic Liquor protein in g/ Treatment and dosage Response to treatment
criteria (normal 0.00 — 0.40)
Not compatible 0.39 Intravenous Improvement of pinch force right

immunoglobulins, 40 hand from 55 kPa to 100 kPa,
gram every 3 weeks.  improvement pinch force left hand
of 30 kPa to 98 kPa, measured with
Martin vigorimeter.
Not compatible 0.48 Intravenous Improvement of dorsal flexion of
immunoglobulins, 30  right foot, measured with myometry

gram every 3 weeks. by physiotherapist.

Not compatible 0.61 Intravenous Improvement of MRC 4 to 5 in
immunoglobulins, 40 right arm, measured by treating
gram every 4 weeks. physician.

Not compatible 0.70 Methylprednisolone 1000 Improvement of MRC 3 to 4 (right)

mg every 4 weeks.  and MRC 4 to 5 (left) in quadriceps

muscles, improvement of MRC 0
to 4 in left anterior tibial muscle,

measured by treating physician.

Not compatible 0.42 Single therapy Improvement of touch sense, better
of intravenous balance, observed by treating
immunoglobulins, 40 physician.
gram during 5 days.
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DISCUSSION

Quantitative assessment of brachial plexus MRI has acceptable interrater reliability and can be used
in the diagnostic workup of patients who may have an inflammatory neuropathy. It can complement
NCS and nerve ultrasound for the diagnosis of CIDP, but not MMN. A quantitative assessment of
MRI of the brachial plexus and cervical nerve roots with high specificity identified 10% additional

patients who responded to treatment but had not been identified by NCS and nerve ultrasound.

MRI is part of the current diagnostic criteria for CIDP and MMN and is recommended in particular
for the identification of elusive cases, i.e. those without clear NCS abnormalities.!*'3?! This is based
on several MRI studies that showed cervical nerve root thickening and increased signal intensity
on brachial plexus MRI in a subgroup of patients with chronic inflammatory neuropathies.”? A
clear limitation of qualitative assessment of brachial plexus MRI as it is used nowadays is its low
interrater reliability.®® Few studies have explored the feasibility and use of a quantitative MRI
assessment and only in small groups of patients and healthy controls.’??> Estimates of the upper
limit of normal for cervical nerve root size in healthy controls ranged between 4-5 mm. Analysis of
our data from a large cohort of patients with CIDP and MMN showed that combinations of nerve
root size are probably more useful than a fixed cut-off. This may be explained by the patchy nature
of inflammatory changes. We found that 6 bilateral measurements close to the ganglion of root C5,
C6 and C7 in coronal plane was easy to implement in routine practice (3 minutes per subject) and
resulted in optimal test characteristics with high specificity levels. Sensitivity levels of quantitative
assessment of brachial plexus MRI were lower than those reported in qualitative studies.”?* This
may be explained by some inclusion bias in earlier studies, as shown by another recent prospective
cohort study that also reported a relatively low sensitivity of qualitative brachial and lumbosacral
plexus MRI in patients with suspected CIDP.2! Importantly, test-retest reliability for quantitative

measurements was good, which is supported by data from another recent study.”

We analyzed the diagnostic value of a quantitative assessment of MRI next to NCS and nerve
ultrasound studies.'*'>!* MRI helped to identify patients with a clinical phenotype compatible
with CIDP but who did not fulfil the diagnostic criteria of NCS and who did not have ultrasound
abnormalities. In this sense, MRI complements nerve ultrasound, which has an excellent sensitivity
as shown in previous studies.'”'® Quantitative assessment of brachial plexus MRI identified an
additional 10% of patients who responded to treatment, which is clinically relevant. MRI should
therefore be considered as an additional diagnostic tool when there is a strong clinical suspicion
of CIDP, particularly when NCS and nerve ultrasound results are normal. Nerve ultrasound, and
especially the required expertise, is not always available in all medical centres. In these centres
MRI could be used as an additional tool to NCS and laboratory findings, although physicians should

always consider the poor sensitivity of MRI when interpreting results.
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Our study comprises a relatively large number of patients with MMN and CIDP, although we
acknowledge that the group sizes in studies on rare neuropathies are almost always a limitation. Our
control group was homogeneous and did not include a spectrum of mimics as in previous studies.
This was a deliberate choice since ultrasound studies showed that it is unlikely that nerve root sizes
are enlarged in patients with axonal neuropathies.'” We also acknowledge that both nerve imaging
and NCS may fail to discriminate CIDP from certain rare mimics, such as hereditary demyelinating
polyneuropathies, paraproteinemic polyneuropathies and amyloidosis. However, clinical phenotypes
and laboratory findings in these rare mimics will often guide a clinician to the right diagnosis without

the use of nerve imaging techniques.

We show that quantitative assessment of MRI of the brachial plexus and cervical nerve roots is a
reliable and useful tool for the diagnostic workup of patients who may have a chronic inflammatory
neuropathy. A quantitative approach is feasible and does not have the limitation of high interrater

variability of the currently used qualitative assessments.
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ABSTRACT

Objective: Chronic inflammatory demyelinating polyneuropathy (CIDP) and multifocal motor
neuropathy (MMN) are caused by inflammatory changes of peripheral nerves. It is unknown if the
intraspinal roots are also affected. This MRI study systematically visualized intraspinal nerve roots,
i.e. the ventral and dorsal roots, in patients with CIDP, MMN, motor neuron disease (MND) and
healthy controls.

Methods: We performed a cross-sectional study in 40 patients with CIDP, 27 with MMN, 34 with
MND and 5 healthy controls. All patients underwent an MRI scan of the cervical intraspinal roots.
We systematically measured intraspinal nerve root sizes bilaterally in the transversal plane at C5,
C6 and C7 level. We calculated mean nerve root sizes and compared them between study groups

and between different clinical phenotypes using a univariate general linear model.

Results: Cervical intraspinal nerve root size was larger in patients with CIDP, MMN and MND
compared to healthy controls (p < 0.001 — 0.003). Patients with a motor phenotype had thicker
ventral roots compared to patients with a sensorimotor phenotype (p = 0.018) and with MND
(p =0.002), while patients with a sensory phenotype had thicker dorsal roots compared to patients
with a sensorimotor phenotype (p = 0.001) and with MND (p = 0.006).

Conclusion: We here show changes in the morphology of intraspinal nerve roots in patients with

chronic inflammatory neuropathies, compatible with their clinical phenotype.
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INTRODUCTION

Multifocal motor neuropathy (MMN) and chronic inflammatory demyelinating polyneuropathy
(CIDP) are chronic inflammatory neuropathies that respond to treatment. CIDP is characterized by
pure motor, pure sensory or, most often, mixed deficits in arms or legs, while MMN is characterized
by weakness without sensory deficits. Nerve conduction studies (NCS) are the main diagnostic
tool for both disorders. They show motor conduction blocks in MMN with normal sensory nerve

conduction. NCS in CIDP can also show blocks or a multifocal pattern of conduction slowing.

Imaging studies showed thickened peripheral nerves in both MMN and CIDP that is sometimes
more widespread than NCS suggest.'” Nerve ultrasound has become a flexible diagnostic tool that
can be used to examine the entire nerve and brachial plexus in one session. Magnetic resonance
imaging (MRI) of the brachial plexus is also used for diagnostic purposes. Ultrasound and MRI
abnormalities correlate in the forearm and brachial plexus.® Imaging abnormalities do not correlate

with phenotype or clinical characteristics.’

The more recently developed advanced MRI techniques allow assessment of the morphology of the
intraspinal roots (i.e. motor ventral roots and sensory dorsal roots) and provide the opportunity to
correlate morphological with functional changes.® In this MRI study we therefore used a quantitative
approach to systematically evaluate the sizes of intraspinal nerve roots of patients with chronic

inflammatory neuropathies, disease controls and healthy controls.

METHODS

Study design

We performed a cross-sectional MRI study to assess cervical intraspinal nerve root sizes in patients
with CIDP and MMN, disease controls with lower motor neuron syndromes and healthy controls. We
systematically measured and compared the cervical intraspinal nerve roots by manually measuring

the nerve root diameter.

Patients and clinical data

We enrolled all prevalent and incident patients with an established diagnosis of CIDP or MMN
according to the EFNS/PNS criteria who visited our neuromuscular outpatient clinic at the University
Medical Center Utrecht (UMCU). ** We enrolled a group of patients with motor neuron disease
(MND) as disease controls, according to the Brooks criteria.'® Healthy controls were eligible for
inclusion if they had no history of neuromuscular disorders, neuropathy or spinal (nerve root)
injuries. We excluded patients aged < 18 years, patients with MND with a bulbar onset of symptoms

and who were physically unable to undergo MRI or with a contraindication to MRI.
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We obtained demographic and clinical data, including age, sex and time from onset of symptoms to
research MRI (i.e. disease duration) in months. We performed a clinical examination and analyzed
results from the diagnostic NCS of patients with CIDP and MMN to determine their clinical phenotype.
We defined the following categories: sensorimotor, pure motor (i.e. no sensory involvement on
clinical examination and NCS), and pure sensory or ataxic (i.e. no motor involvement on clinical
examination and only demyelinating motor conduction abnormalities allowed). All participants

gave informed consent. This study was approved by the Medical Ethical Committee of the UMCU.

Equipment and MRI parameters

We used a 3.0 Tesla MRI scanner (Philips Healthcare, Best, the Netherlands) with a 24-channel head-
neck coil to image the cervical intraspinal roots. All participants were positioned in a supine position
and scans were performed in a transversal slice orientation. We performed 3D balanced fast field echo
with the following parameters: field of view = 250%250%39.90 mm?; matrix size = 416%249; voxel
size = 0.35%0.35%0.35 mm?; echo time = 3.3 ms; number of echoes = 1; repetition time = 6.6 ms;
flip angle = 55°; sense factor = 1.20 (P reduction foot/head) and 1 (S reduction anterior/posterior);
acquisition time = 02:52 minutes. Additionally, we used coronal 3D TSE SPIR scans as anatomical
reference, collected from a previously published MRI study." The 3D TSE SPIR had the following
parameters: field of view = 336*336*170 mm, matrix size = 224%223, voxel size =0.75%0.75%1 mm?,
echo time = 206 ms, repetition time = 2200 ms, turbo spin echo factor = 76, sense factor = 3

(P reduction right/left) and 1.5 (S reduction anterior/posterior), acquisition time = 03:59 minutes.

Intraspinal root measurements on MRI

‘We measured diameters of intraspinal nerve roots using Horos medical image viewer (version 3.3.6,
www.horosproject.org). To determine nerve root levels accurately we used reference lines in the
coronal 3D TSE SPIR. We used zoom magnification (standardized to 250% for all images) and
subsequently used the length tool to measure diameters (mm) of ventral and dorsal intraspinal nerve
roots. Diameters were measured in the transversal plane perpendicular to the center lines of the nerve
roots and in the middle of the intraspinal nerve root, bilaterally in nerve roots C5,C6 and C7 (Figure
5.1), resulting in 12 measurements per subject. All measurements were performed thrice at each
measurement site (approximately 7-10 minutes per subject) by one rater (MVR), who was blinded to
the clinical status. We used the mean of these three measurements for further statistical analysis. We
did not perform measurements when image quality was poor, when intraspinal nerve roots borders

could not be accurately defined or when banding artifacts hindered an accurate measurement.

Statistical analysis

IBM SPSS Statistics (version 26, Chicago, Illinois, United States) was used for statistical analysis.
To compare patient characteristics, we used a one-way ANOVA on numerical data, with post-hoc
Tukey HSD to correct for multiple testing, and a Chi-squared test on categorical data. To evaluate

the feasibility of our method we compared numbers of successfully performed measurements using
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independent samples 7 test between ventral and dorsal nerve roots, and a paired ¢ test to compare
successfully performed measurements between the right and left side of one patient. We evaluated
intrarater reliability of our measurements using the intraclass correlation coefficient (ICC). We
considered an ICC < 0.50 as poor reliability, 0.50 — 0.75 as moderate, 0.75 — 0.90 as good and > 90
as excellent reliability."”” To calculate means of intraspinal nerve root sizes per study group (CIDP,
MMN, disease controls and healthy controls) we used a univariate general linear model with the
measurements as dependent variable and diagnosis as fixed factor. Tukey HSD was used to correct
for multiple testing. Additionally, we used a second univariate general linear model to calculate
mean intraspinal root sizes per clinical phenotype (sensorimotor, pure motor, and sensory or ataxic)
with again the measurements as dependent variable. Results with a p value < 0.05 were considered

significant.

Figure 5.1 Example of intraspinal nerve root measurements

Method of measurements with calipers are placed in transversal plane in the ventral (red) and dorsal (blue)
intraspinal nerve root at C5 to C7 level, here at C6 level. In the upper left corner the 3D TSE SPIR (anatomical

reference) with the reference line (green). Abbreviations: R = right; L = left.

RESULTS

Patients and clinical data

We included a total of 106 participants (CIDP = 40, MMN = 27, disease controls = 34, healthy
controls = 5). There were 31 patients with a sensorimotor phenotype, 29 with a pure motor and 7
with a pure sensory or ataxic phenotype. Patient characteristics are summarized in Table 5.1. We
found no differences in the baseline characteristics between groups, other than a younger age in
patients with MMN compared to patients with CIDP and MND (p = 0.003).
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Table 5.1 Patient characteristics

Parameter Inflammatory neuropathy Controls Level of
CIDP MMN Disease Healthy ~ significance
(MND)
Number of patients 40 27 34 5 -
Age, years (SD) 629(9.7) 534(11.8) 61.7(113) 544(7.3) 0.003*
Male (%) 34 (85.0%) 25(92.6%) 26(76.5%) 3 (60.0%) 0.189
Disease duration, months (SD) 373(70.8) 69.1(83.7) 46.0(40.3) NA 0.156
Phenotype
Sensorimotor 31 0
Pure motor 2 27
Pure sensory or ataxic 7 0

* Patients with MMN were younger compared to patients with CIDP and MND. Abbreviations: CIDP = chronic
inflammatory demyelinating polyneuropathy; MMN = multifocal motor neuropathy; MND = motor neuron
disease; SD = standard deviation.

Intraspinal nerve root measurements on MRI

Feasibility of measuring method

Table 5.2 summarizes the number of measurements per nerve root and per measurement location,
i.e. ventral and dorsal roots (C5-C7). The number of successful measurements did not differ between
right and left sides (p = 0.120). We obtained more measurements in dorsal roots compared to ventral
roots (p < 0.001). We established that ventral nerve roots were occasionally found very close to the
ventral border of the vertebral column, which complicated or even precluded the definition of the
ventral roots. Dorsal intraspinal roots were frequently surrounded by more cerebrospinal fluid that

provided more contrast and facilitated the identification and measurements of nerve roots.

Table 5.2 Rate of overall successful measurements per root

Root level (n = 106) Ventral Dorsal
C5 Right 81 (76.4%) 96 (90.6%)
Left 85 (80.2%) 96 (90.6%)
Ceé Right 57 (53.8%) 75 (70.8%)
Left 55 (51.9%) 76 (71.7%)
C7 Right 45 (42.5%) 68 (64.2%)
Left 52 (49.1%) 71 (67.0%)
Total (max. 1272) 887 (69.7%)

Number of measurements per root differed between ventral and dorsal roots (p < 0.001), but did not differ

between right and left side (p = 0.120). Maximum number of measurements per measurement site is 106 (total

included participants = 106).
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Intrarater reliability

Table 5.3 shows the intrarater reliability. We found moderate to excellent intrarater reliability
for measurements in ventral roots (ICC 0.71 — 0.91) as well as for measurements in dorsal roots
(ICC0.72-0.94).

Table 5.3 Reliability of intraspinal nerve root measurements

Site Intrarater reliability (95% CI)
Ventral Dorsal
C5 Right 0.84 (0.77-0.89) 0.83(0.76 - 0.88)
Left 0.80 (0.71-0.87) 0.72 (0.61 - 0.81)
Cé6 Right 0.77 (0.64 — 0.86) 0.86 (0.80-0.91)
Left 0.71 (0.54-0.82) 0.78 (0.68 — 0.85)
Cc7 Right 091 (0.85-0.95) 0.89(0.82-0.93)
Left 0.83 (0.73 - 0.90) 0.94 (0.92 -0.96)

Interclass correlation coefficient (ICC) with 95% confidence interval (CI) per measurement location, i.e. at C5,
C6 or C7 level, left or right, and ventral or dorsal.

Mean intraspinal nerve root size per study group

Mean intraspinal nerve root sizes are summarized in Table 5.4. Nerve root sizes in patients with
CIDP, MMN and MND were larger compared to healthy controls, at all predetermined sites (p
varied from < 0.001 to 0.003, Figure 5.2). We found no differences in the intraspinal nerve root
sizes between patients with CIDP, MMN and MND, other than the right ventral root C6 patients
with MMN compared to patients with CIDP (p = 0.03). Figure 5.3 shows examples of patients with
thickened intraspinal nerve roots. We established that patients with thickened intraspinal nerve roots

did not necessarily have thickened cervical nerve roots in the brachial plexus (Figure 5.3).

Mean intraspinal nerve root sizes per clinical phenotype

Mean intraspinal nerve root sizes per phenotype are summarized in Table 5.5. In healthy controls
ventral (0.53, (standard deviation (SD) 0.12)) and dorsal nerve roots (0.56 (SD 0.12)) did not differ
(p = 0.149). Dorsal nerve roots were thicker (0.67 (SD 0.16)) than ventral nerve roots (0.64 (SD
0.14); p < 0.001) in all clinical phenotypes of the chronic inflammatory neuropathies, except for

patients with a pure motor presentation (p = 0.248).

Between groups we found thicker ventral nerve roots in patients with a motor phenotype compared to
patients with a sensorimotor phenotype (p = 0.018) and patients with MND (p = 0.002). In contrast,
we found thicker dorsal nerve roots in patients with a sensory or ataxic phenotype compared to
patients with a sensorimotor phenotype (p = 0.001) and patients with MND (p = 0.006).
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Table 5.4 Mean intraspinal nerve root sizes in patients with CIDP, MMN and controls

Inflammatory neuropathy Controls Level of
CIDP MMN MND Healthy control ~ Significance
(n = 40) (n=27) (n=34) (n=15)
Ventral
Cs5 0.66 (0.13) 0.68 (0.17) 0.65 (0.11) 0.56 (0.13) 0.001°
Right 0.69 (0.13) 0.69 (0.15) 0.67 (0.13) 0.60 (0.14) 0.076
Left 0.63 (0.12) 0.67 (0.20) 0.64 (0.10) 0.53(0.11) 0.004¢
Cé6 0.62 (0.10) 0.66 (0.14) 0.63 (0.11) 0.50 (0.12) <0.001*
Right 0.61 (0.10) 0.68 (0.14) 0.62 (0.10) 048 (0.11) <0.0012°
Left 0.62 (0.10) 0.64 (0.13) 0.64 (0.12) 0.54 (0.15) 0.222
C7 0.67 (0.16) 0.67 (0.15) 0.61 (0.09) 0.52 (0.10) <0.001*
Right 0.70 (0.19) 0.67 (0.17) 0.60 (0.08) 0.55(0.07) <0.001¢
Left 0.65 (0.14) 0.67 (0.14) 0.61 (0.10) 048 (0.11) <0.001*
Dorsal
C5 0.67 (0.13) 0.67 (0.14) 0.65(0.12) 0.58 (0.12) 0.003*
Right 0.68 (0.15) 0.67 (0.15) 0.66 (0.12) 0.52 (0.08) 0.001*
Left 0.67 (0.12) 0.67 (0.12) 0.65 (0.12) 0.64 (0.13) 0.504
Co 0.68 (0.14) 0.69 (0.14) 0.66 (0.13) 0.52 (0.11) <0.001*
Right 0.67 (0.15) 0.70 (0.15) 0.65 (0.13) 0.52(0.12) 0.001*
Left 0.69 (0.13) 0.67 (0.13) 0.66 (0.12) 0.52(0.11) 0.003*
C7 0.69 (0.18) 0.73 (0.27) 0.73 (0.18) 0.56 (0.11) 0.001*
Right 0.68 (0.20) 0.68 (0.16) 0.72 (0.16) 0.56 (0.14) 0.046¢
Left 0.70 (0.15) 0.77 (0.34) 0.73 (0.20) 0.55 (0.06) 0.016¢

Nerve root sizes are mean in millimeters with standard deviation.

*Significant difference between healthy controls compared to CIDP, MMN and MND patients.

® Significant difference between patients with MMN and CIDP

¢ Significant difference between patients with CIDP and healthy controls

4 Significant difference between patients with MND and healthy controls

¢ Significant difference between patients with MMN and healthy controls

Abbreviations: CIDP = chronic inflammatory demyelinating polyneuropathy; MMN = multifocal motor
neuropathy; MND = motor neuron disease.
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Figure 5.2 Boxplots of mean intraspinal nerve root size per measurement location
VENTRAL DORSAL

C5 root thickness (mm)

CIDP MMN Disease control Healthy control Ciop MMN Disease control Healthy control
—~
E «
£ 10
=g
o
7 |
(%}
O »
c ™
X
O =«
= n
¥ =
=
P
° )
S . -
)
©
®© =
“
CIDP MMN Disease control Healthy control
CiDP MMN Disease control Healthy control
—~
E 100
= . :
St - 125
O - -
(%] °
o . w
X
S
e ™
=
—
o © -
o )
i
N~
(@) =
"
CIDP. MMN Disease control Healthy control ciop MMN Disease control Healthy control

Mean of intraspinal nerve root size at C5, C6 and C7 level. Measurements were performed in ventral (left panels)
and dorsal (right panels) intraspinal nerve roots. Healthy controls had lower mean nerve root sizes compared
to patients with CIDP, MMN and MND (disease controls). Abbreviations: CIDP = chronic inflammatory
demyelinating polyneuropathy; MMN = multifocal motor neuropathy; MND = motor neuron disease; mm =

millimeters.
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Figure 5.3 Examples of thickened intraspinal nerve roots

Example 1

Example 2

Example 3

Three examples of patients (MND, CIDP and MMN respectively) with thickening (yellow arrows) of the
intraspinal nerve roots. The nerve roots imaged here measured over 1 mm diameter. Thickening is evident when
the examples are compared with the image in Figure 5.1 In the upper left corner the 3D TSE SPIR (anatomical
reference) with the reference line (green). Example 2 had obviously thickened cervical nerve roots in the brachial
plexus (upper left panel of example 2), while example 1 and 3 did not have these thickened cervical nerve
roots. Abbreviations: CIDP = chronic inflammatory demyelinating polyneuropathy; MMN = multifocal motor
neuropathy; MND = motor neuron disease.

84



MRI of the intraspinal nerve roots in chronic inflammatory neuropathies

Table 5.5 Mean intraspinal nerve root sizes per clinical phenotype and controls

Ventral Dorsal MD 95% CI D,
OVERALL 0.64 (0.14) 0.67 (0.16) 0.03 (SE0.01) 0.02-0.04 <0.001
Sensorimotor 0.64 (0.13) 0.67 (0.15) 0.02 (SE0.01) 0.01-0.04 0.018
Motor 0.67 (0.16) 0.69 (0.18) 0.02 (SE0.01) -0.04 -0.11 0.248
Sensory/ataxic 0.68 (0.13) 0.73 (0.17) 0.53 (SE 0.02) 0.01-0.09 0.011
MND 0.63 (0.11) 0.67 (0.14) 0.04 (SE0.01) 0.02-0.06 <0.001
Healthy 0.53(0.12) 0.56 (0.12) 0.03 (SE 0.02) -0.01-0.07 0.149
P, <0.001#0¢ <0.001#¢¢

Nerve root sizes are mean in millimeters with standard deviation. Mean differences (MD) are shown with standard
error (SE) and 95% confidence intervals (CI).

p, = p values concerning ventral vs. dorsal roots

P, = p values concerning ventral roots between phenotypes, and dorsal roots between phenotypes.

*p <0.001 for healthy vs. sensorimotor, motor, and sensory or ataxic phenotype, and MND

p =0.018 for motor vs. sensorimotor phenotype

¢ p =0.002 for motor phenotype vs. MND

4p=0.001 for sensory or ataxic phenotype vs. sensorimotor

¢ p =0.006 for sensory or ataxic phenotype vs. MND

Abbreviations: MND = motor neuron disease.

DISCUSSION

This study shows that MRI of the intraspinal nerve roots shows changes in patients with an
inflammatory neuropathy and that the location of these changes corresponds with the nature of
neurological deficits. Ventral intraspinal nerve roots were thicker in patients with a pure motor
phenotype (i.e. MMN and pure motor CIDP) compared to patients with a sensorimotor phenotype
and patients with MND. Dorsal intraspinal nerve roots were thicker in patients with a pure sensory
or ataxic phenotype (i.e. sensory CIDP). These findings for the first time show that anatomical

abnormalities correspond with clinical deficits in inflammatory neuropathies.

Previously used imaging techniques for chronic inflammatory neuropathies focused on the peripheral
nerves and nerve roots in arms or legs outside the vertebral foramen.>*!! Since these nerves almost
always have a mixed composition (i.e. motor and sensory), it was impossible to detect preferential
involvement of motor or sensory nerves. Nerve conduction studies often show normal sensory
conduction in pure motor neuropathies and vice versa, but assessing involvement of the most
proximal parts is challenging. F-waves could provide information on the most proximal parts of
the peripheral nervous system, but this information is unspecific and does not localize the exact

site of injury. Previous NCS studies did not show a clear relation between nerve function and nerve
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morphology.'*!* MRI of the intraspinal nerve roots allowed us to image the most proximal parts of the
peripheral nervous system, and provided the unique opportunity to study the motor and sensory roots
separately. MRI of the intraspinal nerve roots has been previously used to assess the intraspinal nerve
root integrity in traumatic brachial plexus injuries.”*'7 A few smaller studies describe MRI results of
the intraspinal nerve roots in patients with Guillain-Barré syndrome (GBS)."®? These studies report
nerve root enhancement in the spinal roots, with preferential involvement of the ventral spinal roots
in patients with pure motor GBS and enhancement of the ventral and dorsal spinal roots in patients

with a sensorimotor phenotype. We here corroborate these results in a much larger patient sample.

Our data seem to indicate that motor and sensory nerves can be specific targets in inflammatory
neuropathies. We think that it is likely that the widespread thickening of peripheral nerves is caused

by specific isolated changes in motor or sensory nerves in MMN and sensory CIDP.

Our study has limitations. We included a small group of healthy controls, but the variability in spinal
nerve root sizes in this group was limited. Absolute nerve root size differences between groups
were small and in terms of hundredth of a millimeter. The fact that intrarater reliability was good
indicates that the methodology is sound and that the resolution is high. An even higher resolution is
probably technically feasible and could result in even more accurate measurements and less artifacts,

in particular of ventral roots.

This study contributes to our understanding of inflammatory neuropathies. This high-resolution

technology might have biomarker value in the future.
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ABSTRACT

Objective: The immunological pathophysiologies of chronic inflammatory demyelinating
polyneuropathy (CIDP) and multifocal motor neuropathy (MMN) differ considerably, but neither has
been elucidated completely. Quantitative magnetic resonance imaging (MRI) techniques as diffusion
tensor imaging, T2 mapping, and fat fraction analysis may indicate in vivo pathophysiological
changes in nerve architecture. Our study aims to systematically study nerve architecture of the
brachial plexus in patients with CIDP, MMN, motor neuron disease (MND) and healthy controls

using these quantitative MRI techniques.

Methods: We enrolled patients with CIDP (n = 47), MMN (n = 29), MND (n = 40) and healthy
controls (n = 10). All patients underwent MRI of the brachial plexus and we obtained diffusion
parameters, T2 relaxation times and fat fraction using an automated processing pipeline. We

compared these parameters between groups using a univariate general linear model.

Results: Fractional anisotropy was lower in patients with CIDP compared to healthy controls
(p <0.001), patients with MND (p = 0.010) and MMN (p < 0.001). Radial diffusivity was higher
in patients with CIDP compared to healthy controls (p = 0.015) and patients with MND (p =0.001)
and MMN (p <0.001). T2 relaxation time was elevated in patients with CIDP compared to patients
with MND (p =0.023). Fat fraction was lower in patients with CIDP and MMN compared to patients
with MND (both p < 0.001).

Conclusion: Our results show that quantitative MRI parameters differ between CIDP, MMN and

MND, which may reflect differences in underlying pathophysiological mechanisms.
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INTRODUCTION

Inflammation of peripheral nerves is the underlying disease mechanism that causes muscle
weakness and sensory deficits in chronic inflammatory polyneuropathies, including multifocal motor
neuropathy (MMN) and chronic inflammatory demyelinating polyneuropathy (CIDP). MMN is
characterized by asymmetric weakness without sensory deficits that dominates in the arms, while
CIDP may cause pure motor, pure sensory, or mixed deficits that are most pronounced in the legs.
Nerve conduction studies may show conduction blocks and nerve imaging studies have revealed
multifocal thickening of nerves in both CIDP and MMN.!2

The immunological pathophysiologies of CIDP and MMN differ considerably, but have not been
elucidated completely. Autopsy studies, sural nerve biopsy, immunostaining with patient sera in
vitro and animal models have provided insight in underlying immunological mechanims.** There
is an obvious need for additional tools to study the condition of peripheral nerves in vivo to further
dissect the underlying pathophysiological mechanisms. Quantitative magnetic resonance imaging
(MRI) may bridge this gap: diffusion tensor imaging (DTI) and measurements of T2 relaxation times
and fat fraction may indicate specific pathophysiological changes in the myelin sheath and axon in
patients with CIDP and MMN.

DTI is an MRI technique that provides quantitative parameters as fractional anisotropy (FA), mean
diffusivity (MD), axial diffusivity (AD) and radial diffusivity (RD). These parameters give insight in
the microstructural integrity of (nervous) tissue and seem to correlate with histological findings.*'*
Previous DTI studies evaluated peripheral nerves such as the tibial, sciatic and median nerve of
patients with CIDP or MMN and healthy controls.'*'? The brachial plexus was analyzed in a recent
exploratory pilot study in a small cohort of patients and showed different FA values between patients
with CIDP and MMN.? Studies using other quantitative MRI techniques, e.g. T2 mapping or fat
fraction analysis, documented an increase in T2 relaxation time in the brachial and lumbosacral
plexus and in the tibial nerve in small cohorts of patients with CIDP.>'*>* Complete and systematic

studies of the brachial plexus are lacking.

We therefore performed a detailed and systematic quantitative MRI study in a large cohort of
patients with CIDP, MMN, motor neuron disease (MND) and healthy controls, to compare diffusion
parameters, T2 relaxation times and fat fraction of the brachial plexus. The aim of this study was

to interpret these results in light of underlying pathophysiological mechanisms of CIDP and MMN.
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METHODS

Study design

We performed a cross-sectional study in patients with CIDP, MMN, MND and healthy controls.
We performed quantitative MRI in all patients and used an automated processing pipeline to obtain
parameters on microstructural integrity. We compared these parameters between groups and explored

correlations with clinical data.

Participants and clinical data

Consecutive patients with CIDP, MMN and MND were included at the outpatient clinic of the
University Medical Center Utrecht (UMCU). Alle prevalent and incident patients with an established
diagnosis of CIDP or MMN (definite, probable, possible), according to the predefined consensus
criteria of the European Federation of Neurological Societies/Peripheral Nerve Society, were eligible
for inclusion.>*** Patients with MND (i.e. amyotrophic lateral sclerosis (ALS) or progressive
muscular atrophy (PMA)), according to the Brooks criteria, were enrolled as disease controls.?®
Healthy controls were included if they had no history of neuromuscular disorders, neuropathy, nerve
root injuries or other cervical spine disorders. We excluded patients aged < 18 years, patients with
atypical forms of CIDP (e.g. Lewis Sumner Syndrome) and patients with MND that had a bulbar
onset of symptoms to minimalize heterogeneity in these groups, and participants who met one of

the routine contraindications for MRI.

We documented demographic and clinical data from all patients, including muscle strength expressed
as a Medical Research Council (MRC) sum score. We tested the following 12 muscle groups on both
sides: finger flexion, finger extension, finger abduction, wrist flexion, wrist extension, elbow flexion,
elbow extension, shoulder abduction, hip flexion, knee flexion, knee extension and foot dorsiflexion.
We calculated MRC sum scores of these 24 measurements, ranging from 0 to 120 (normal). The
medical ethical committee of the UMCU approved this study (18-349/NL 62866.041.17). This study
conforms with the World Medical Association Declaration of Helsinki. Written informed consent

was obtained from all study participants.

Equipment and MRI protocol

All participants underwent an MRI scan of the brachial plexus bilaterally in supine position on a
3.0 Tesla MRI scanner (Philips Healthcare, Best, the Netherlands) using a 24-channel head-neck
coil. We performed DTI in a transversal slice orientation to obtain diffusion parameters, T2 mapping
in a coronal slice orientation to obtain T2 relaxation times and T1 Dixon in a transverse slice
orientation to obtain fat fraction. As an anatomical reference we used a 3D turbo spin-echo (TSE)
spectral presaturation with inversion recovery (SPIR) sequence in a coronal slice orientation. The
acquisition parameters are shown in Table 6.1. We performed a data quality check after enrollment of

43 participants that showed a higher-than-expected frequency (> 5%) of insufficient data due to low
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signal to noise ratios (SNR). Therefore, we performed DTI twice in all the following participants to
improve data quality. These two acquisitions were combined in a later stage during data processing.
We exclude scans with low quality, for example due to movement or the presence of artifacts, from

further processing.

Table 6.1 MRI parameters

Parameter DTI T2 mapping T1 DIXON 3D TSE
Acquisition 2D SE-EPI 2D TSE 3D FFE 3D TSE
Field of view 240*180*150 mm®  240%180*52.5  288+%288-200.25 mm* 336*336*170 mm?
mm?
Matrix size 96*71 96*96 192%192 224%223
Slice thickness 2.5 mm 2.5 mm - -
Voxel size 2.5%2.5%25 mm®  25%2.525mm’  0.75%0.75%0.75 mm*  0.75%0.75*1 mm?®
Echo time 60 ms 7.6 ms 1.186 ms 206 ms
Number of echoes - 17 3 -
Repetition time 8595 ms 3242 ms 5615 ms 2200 ms
Flip angle - - 16° -
Turbo spin echo factor - - - 76
Sensitivity encoding factor 2.5 2.3 2 (AP); 1 (FH) 3 (RL); 1.5 (AP)
Fat suppression SPAIR - - SPIR
Gradient directions 37 - - -
b values (s/mm?) 0, 50, 100, 150, - - -
300, 400, 600
Acquisition time 05:43 minutes 04:45 minutes 01:56 minutes 03:59 minutes

Abbreviations: DTI = diffusion tensor imaging; TSE = turbo spin echo; SPAIR = spectral attenuated inversion
recovery; SPIR = spectral presaturation with inversion recovery; SE EPI = spin echo-echo planar imaging; FFE
= fast field echo; mm = millimeter; ms = milliseconds; AP = anterior/posterior; FH = foot/head; RL = right/left.

Data processing

DTI

We processed all DTI data semi-automatically, using a two-step custom-build processing pipeline
based on the diffusion toolbox ExploreDTI which allows visualization of the spinal nerve roots,
segmented tract analysis and extraction of diffusion parameters.”” An overview of the pipeline is

shown in Figure 6.1.

Before processing, we resampled the 3D TSE SPIR to a 2x2x2 mm? isotropic resolution. Subsequently,
we manually drew a rough mask of the brachial plexus area using ITK SNAP (10 minutes per data
set).?® These masks were drawn in the resampled 3D TSE SPIR and in the diffusion-weighted image
to guide the registration and fiber tract selection (Figure 6.1B). The first automated part of the
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processing pipeline comprised data denoising, affine registration to correct for subject motion and
eddy currents, b-spline registration to correct for echo-planar imaging distortions, tensor estimation
using an iterative weighted linear least squares algorithm and whole volume fiber tractography (seed
point resolution 1x1x1 mm?, step size 1 mm, seed FA threshold 0.15, FA track range 0.1-0.8, fiber
length range 20-200 mm, angle threshold 15° per step; Figure 6.1C). This first automated processing

step required approximately 35 minutes per data set to complete.

Next, we manually defined slices with starting and ending points of tracts. Starting points were
located next to the ganglion of nerve root C5, C6 and C7, ending points were located 5 slices
further in the distal direction (5 minutes per data set). This aided a second algorithm to find all tract
locations of the nerves using a tract density map (Figure 6.1D) and specifies the appropriate region
of interests (ROI’s) for nerve segmentation (Figure 6.1E). To pair ROI’s in the proximal starting
and distal ending slices, the algorithm performs a connectivity analysis for all defined ROI’s. Every
pair of ROIs with high connectivity is then defined as tract bundles which results in a reconstruction
of the nerve roots (Figure 1F). Subsequently, the nerve root segments were constructed, using
the predefined starting and ending slice (Figure 6.1G). These nerve root segments were used to
standardize the site of extraction of diffusion parameters (FA,MD,AD,RD), i.e. next to the ganglion
over a distance of 1 cm. This second automated part of the pipeline required approximately 5 minutes

per data set to complete.

Finally, we visually identified and labeled the selected tracts as the left and right nerve roots of C5,
C6, or C7 (5 minutes per data set). If necessary, manual ROI’s were placed to optimize the result
of the automated data processing (5 minutes per data set). When no tracts were found, nor with
the algorithm, nor manually, the data set was excluded from further analysis. Finally, diffusion

parameters per fiber tract were calculated using tract-based analysis.

T2 mapping and T1 DIXON

Dixon fat fraction maps were calculated using the water and fat image reconstructions of the vendor
software. The data obtained with T2 mapping was processed using an extended phase graph fitting
approach considering inhomogeneous B +.2** This method accounts for different T2 relaxation times
for the water and fat component with the T2 of the fat component fixed to a value calibrated on the
subcutaneous fat. Quantitative values of the T2 mapping and T1 DIXON were obtained using the
same tract-based analysis used for DTI data. Data underwent registration to the same anatomical
space (3D TSE SPIR image) as the DTI data. We obtained T2 relaxation time in milliseconds (ms)

and fat fraction in percentages.
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Figure 6.1 Overview of processing pipeline

A diffusion-weighted image and a resampled 3D TSE SPIR are obtained (A, upper and lower image respectively).
After manually drawn masks of the brachial plexus area (B) the automatic processing pipeline results in whole
volume fiber tractography (C). Nerve locations are found in a tract density map (D) which specifies region of
interests (E). A connectivity analysis results in reconstruction of nerve roots (F) and subsequently in nerve root

segments from which diffusion parameters are derived (G).

Statistical analysis

For statistical analysis we used IBM SPSS Statistics (Version 25, Armonk, New York, United States).
To compare patient characteristics, we used one-way analysis of variance (ANOVA) for numerical
data and a Chi-squared test for categorical data. We compared diffusion parameters, T2 relaxation
times, and fat fraction per side (i.e. right/left) using a paired sample ¢ test and corrected for multiple
testing using the Bonferroni method. To analyze diffusion parameters, T2 relaxation times, and fat
fraction between groups we used an univariate general linear model with the MRI parameters as
the dependent variable and the study group as a fixed factor. Tukey HSD was used to correct for
multiple testing. A p value < 0.05 was considered significant. We analyzed diffusion parameters,
T2 relaxation times, and fat fraction of all nerve roots together and per nerve root (i.e. C5, C6, C7)
separately. Correlations between the quantitative parameters and clinical data were analyzed using
the Pearson correlation coefficient . We considered r < 0.35 as a weak correlation, 0.36 — 0.70 as

moderate, 0.70 — 0.89 as high and = 0.90 as a very high correlation.*'
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RESULTS

Participants and clinical data

We enrolled 137 participants based on the in- and exclusion criteria. We had to exclude 11 more
patients: 2 patients (1.5%) because of claustrophobia during scanning, 2 patients (1.5%) because of
a changed diagnosis after inclusion, 1 patient (0.7%) due to movement artifacts that led to low data
quality and an additional 6 patients (4.4%; CIDP = 3, MMN = 1, controls = 2) after processing and
tract segmentation due to insufficient data quality. We used data from 126 study participants for further
analysis (CIDP = 47, MMN = 29, MND = 40 (ALS = 19, PMA = 21), healthy controls = 10). The
patient characteristics are summarized in Table 6.2. Patients with MMN were younger than patients
with CIDP and PMA (p < 0.001). Other characteristics did not differ significantly between groups.

Table 6.2 Patient characteristics

Parameter Inflammatory Motor neuron disease ~ Healthy  p value
neuropathy controls
CIDP MMN ALS PMA
Number of participants 47 29 19 21 10

Age, years (SD) 64.0(9.6) 53.7(11.2) 604 (12.3) 652(104) 574(73) <0.001*

Male (%) 39 (83.0%) 27(93.1%) 12(632%) 18 (85.7%) 7 (70%) 0.088

Disease duration, months (SD) | 34.5 (67.1) 65.1 (82.3) 30.8(24.3) 57.5(45.4) - 0.100

MRC sum score (SD) 1119 (10.1) 113.8(4.6) 110.6(7.9) 107.5 (11.2) - 0.119

*Age differs significantly between patients with MMN and patients with CIDP, and between patients with MMN
and patients with PMA. Age, disease duration and MRC sum score are mean. Abbreviations: CIDP = chronic
inflammatory demyelinating polyneuropathy; MMN = multifocal motor neuropathy; ALS = amyotrophic lateral
sclerosis; PMA = progressive muscular atrophy; SD = standard deviation; MRC = Medical Research Council.

Semi-automated data processing
After automated processing, we identified 92.9% of all nerve roots (93.3%, 98.4% and 86.9% for
C5, C6 and C7 respectively), which increased to 96.0% of C5 nerve roots, 99.6% of C6 nerve roots

and 95.6% of C7 after additional manual adjustments.

Quantitative MRI parameters
Diffusion parameters, T2 relaxation times and fat fraction did not differ between right and left side
of the nerve roots, except for FA in nerve root C7 (p < 0.001). This only significant finding did not

influence our data and we therefore decided to combine right and left sides in further analysis.
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The same applies to patients with ALS and PMA. There were no significant differences in
characteristics between patients with ALS and PMA (p values ranged from 0.075 — 0.999). We

therefore present these data as one group of patients (MND) in further analysis.

Diffusion parameters

The means of all quantitative parameters are summarized in Table 6.3 and visualized in Figure 6.2.
We found a lower mean FA in patients with CIDP (0.27 (standard deviation (SD) 0.05)) compared
to healthy controls (0.30 (SD 0.05); p < 0.001), patients with MND (0.28 (SD 0.04); p = 0.010)
and MMN (0.30 (SD 0.06); p < 0.001). FA in patients with MMN and healthy controls was higher
compared to patients with MND (p = 0.002 and p = 0.038, respectively).

We found a higher mean MD in patients with CIDP (1.40x10° mm?s (SD 0.20)) compared to
patients with MND (1.35x10~ mm?s (SD 0.20); p =0.008) and MMN (1.35x10° mm?s (SD 0.23);
p=0027).

Also, the mean RD was higher in patients with CIDP (1.20x10~ mm?s (SD 0.19)) compared to
healthy controls (1.12 (SD 0.17); p = 0.015), patients with MND (1.14x10* mm?/s (SD 0.16);
p =0.001) and MMN (1.13x10* mm?s (SD 0.20); p < 0.001). We did not find any significant

differences in AD between groups.

T2 relaxation time and fat fraction

We found a longer mean T2 relaxation time in patients with CIDP (42.37 ms (SD 5.36)) compared
to patients with MND (41.02 ms (SD 4.81); p = 0.023). The fat fraction was lower in patients with
CIDP (40.09% (SD 9.61); p <0.001) and MMN (39.44% (SD 9.07); p <0.001) compared to patients
with MND (43.62% (9.74)).

Correlation with clinical data
For all four study groups (CIDP, MMN, MND, and healthy controls) we only found weak correlations
between the MRI metrics, i.e. diffusion parameters, T2 relaxation time and fat fraction, and the

clinical covariates, i.e. age, MRC sum score and disease duration (Figure 6.3).

For the correlation with age, r ranged from -0.19 — 0.14 for patients with CIDP, -0.35 — 0.31 for
patients with MMN, -0.20 — 0.34 for patients with MND, and -0.18 — 0.24 for healthy controls. For
MRC sum score, r ranged from -0.23 — 0.10 for patients with CIDP, -0.08 — 0.24 for patients with
MMN, and -0.13 — 0.20 for patients with MND. For disease duration, r ranged from -0.24 — 0.25 for
patients with CIDP; -0.21 — 0.23 for patients with MMN, and 0.02 — 0.23 for patients with MND.
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Table 6.3 Quantitative MRI parameters per study group and per nerve root.

Nerve root CIDP MMN MND Healthy
FA
All 0.27 (0.05) 0.30 (0.06) 0.28 (0.04) 0.30 (0.05)
C5 0.26 (0.05) 0.29 (0.05) 0.27 (0.04) 0.29 (0.04)
Co6 0.27 (0.05) 0.29 (0.06) 0.28 (0.04) 0.31 (0.05)
Cc7 0.27 (0.05) 0.30 (0.06) 0.28 (0.05) 0.28 (0.05)
MD (x 10 mm?s)
All 1.40 (0.20) 1.35(0.23) 1.35(0.20) 1.34 (0.17)
C5 141 (0.21) 1.35(0.22) 1.35(0.19) 1.30 (0.21)
Co6 1.39(0.17) 1.35(0.24) 1.32(0.16) 1.33(0.13)
Cc7 1.41(0.23) 1.35(0.22) 1.36 (0.23) 1.39 (0.16)
AD (x 10 mm?/s)
All 1.81(0.24) 1.79 (0.30) 1.77 (0.28) 1.78 (0.20)
C5 1.81(0.27) 1.79 (0.30) 1.77 (0.31) 1.72 (0.24)
C6 1.80 (0.19) 1.78 (0.31) 1.74 (0.21) 1.80 (0.15)
C7 1.82(0.27) 1.79 (0.29) 1.80 (0.32) 1.82(0.19)
RD (x 107 mm?s)
All 1.20 (0.19) 1.13 (0.20) 1.14 (0.16) 1.12 (0.17)
C5 1.20 (0.19) 1.13 (0.20) 1.14 (0.15) 1.08 (0.19)
Co6 1.19 (0.17) 1.13(0.22) 1.11 (0.15) 1.10 (0.14)
Cc7 1.21(0.21) 1.12 (0.20) 1.15(0.19) 1.17 (0.16)
T2 relaxation time (ms)
All 42.37 (5.36) 41.12(5.18) 41.02 (4.81) 41.32(6.72)
C5 41.97 (5.29) 40.54 (5.43) 4047 (4.59) 41.00 (8.81)
C6 42.85 (4.65) 41.86 (5.35) 41.78 (4.63) 42.06 (5.10)
C7 4227 (6.14) 40.90 (4.75) 40.75 (5.16) 40.90 (6.15)
Fat fraction (%)
All 40.09 (9.61) 39.44 (9.07) 43.62 (9.74) 40.55 (10.33)
C5 38.51(8.39) 37.23 (8.29) 42.56 (8.46) 38.16 (10.68)
C6 38.54 (8.97) 37.55(8.75) 42.09 (9.02) 39.62 (9.52)
C7 43.53(10.71) 43.37 (8.90) 46.35 (11.16) 43.87(10.62)

Mean diffusion parameters, T2 relaxation time and fat fraction with standard deviation per study group and per
nerve root with calculated p values. p value 1 = CIDP vs. MND; p value 2 = MMN vs. MND; p value 3 = CIDP
vs. MMN; p value 4 = healthy controls vs. CIDP; p value 5 = healthy controls vs. MMN; p value 6 = healthy

controls vs. MND. Significant differences are marked with an asterisk (*).
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rl p2 p3 p4 pS po
CIDP vs. MND MMN vs. CIDP Healthy vs. Healthy vs. Healthy vs.
MND vs. MMN CIDP MMN MND
0.010* 0.002* <0.001* <0.001* 0.999 0.038*
0.563 0.016* <0.001%* 0.035% 0.997 0.237
0.135 0.780 0.018* 0.002* 0.383 0.099
0.234 0.074 <0.001* 0315 0.655 0.958
0.008* 0.999 0.027* 0.137 0.996 0.998
0.361 0.999 0.363 0.164 0.802 0.719
0.060 0.837 0481 0.589 0.993 0.991
0477 0977 0.294 0.963 0.898 0.972
0.224 0.817 0.833 0.849 0.996 0.982
0.766 0.976 0971 0.574 0.799 0.906
0.256 0.711 0.938 1.000 0.991 0.727
0.922 0.999 0.966 1.000 0.989 0.978
0.001* 0.970 <0.001%* 0.015% 0.996 0.949
0.174 0933 0.069 0.054 0.841 0.578
0.026* 0918 0.225 0.205 0.922 0.997
0216 0.871 0.049* 0.853 0.786 0973
0.023* 0.998 0.072 0.626 0.996 0.986
0.279 1.000 0413 0.923 0.992 0.986
0482 1.000 0.613 0.943 0.999 0.997
0.319 0.999 0471 0.826 1.000 1.000
<0.001°* <0.001°* 0.904 0.991 0.908 0.266
0.014* 0.004* 0.823 0.999 0.984 0.292
0.051 0.020* 0911 0975 0.865 0.777
0.335 0.368 1.000 0.999 0.998 0.848

Abbreviations: CIDP = chronic inflammatory demyelinating polyneuropathy; MMN = multifocal motor
neuropathy; MND = motor neuron disease; FA = fractional anisotropy; MD = mean diffusivity; AD = axial

diffusivity; RD = radial diffusivity; ms = milliseconds.
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Figure 6.2. Boxplots of quantitative parameter per study group
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Boxplots of diffusion parameters, T2 relaxation times and fat fraction with grand mean are shown. MD, AD and

RD values are x10* mm?*s, T2 relaxation time is in milliseconds and fat fraction is a percentage. Abbreviations:

FA = fractional anisotropy; MD = mean diffusivity; AD = axial diffusivity; RD = radial diffusivity; mm =

millimeters; s = seconds; CIDP = chronic inflammatory demyelinating polyneuropathy; MMN = multifocal

motor neuropathy; MND = motor neuron disease.
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DISCUSSION

With this study, we show that quantitative MRI techniques reveal differences in the brachial
plexus between patients with CIDP, MMN, MND and healthy controls. CIDP is characterized by
lower FA and higher RD than MMN, MND and healthy controls, whilst MMN is characterized by
higher FA values than CIDP and MND. Patients with MMN and healthy controls did not differ.
These differences between CIDP and MMN are the most remarkable and important finding as they

emphasize important differences in the underlying pathophysiologies.

This is the first comparative quantitative MRI study in a relatively large cohort of patients with
CIDP and MMN. Diffusion parameters obtained from the sciatic, tibial, median, ulnar and radial
nerves were previously reported in smaller cohorts.'*'"!° The absolute differences of the measured
parameters are around 2% between study groups, which indicates that differences are probably
only found in larger groups. However, the finding of a decreased FA and an increased RD in
our study patients with CIDP is in agreement with previous findings, indicating that this DTI
profile is characteristic for CIDP and can be found throughout the peripheral nervous system.'7:1
Experimental animal studies showed that increased RD may correspond with loss of myelin
integrity.!!> The combination of decreased FA and increased RD has also been reported in
patients with Guillain-Barré syndrome (GBS) and demyelinating types of Charcot-Marie-Tooth
(CMT), which corroborates that this reflects the disturbance of myelin integrity in peripheral
nerves caused by inflammation.’% The longer T2 relaxation times and lower fat fraction in the
CIDP cohort compared to the MND cohort indicate the presence of free water, which may also
be due to inflammation, and have also been reported at the lumbosacral plexus.?'?23 Although
decreased FA in combination with increased RD is a robust finding in patients with CIDP, absolute
diffusion values differ between proximal and distal nerve sites.'*!'7 This is probably explained
by the proximal to distal decrease in the diameter of fascicles with a corresponding increase in
the density of the perifascicular connective tissue.”” In the well-organized tissues of the distal
peripheral nerves, water molecule movement is more restricted in specific directions, which results
in larger isotropic diffusion and a higher FA. The FA values of the brachial plexus in our study
were lower than in previous studies of distal peripheral nerves in arms and legs, which is in line

with this hypothesis.!*!7-1

FA and MD are summary measures from eigenvalues. Changes in FA and MD are therefore driven
by changes in AD or RD. In CIDP, the increase in RD seems to drive the changes in FA and
MD. RD indicates less hindrance of diffusion for water perpendicular to the nervous tissue. This
can be the result of various cellular mechanisms, such as demyelination or a disturbance of the
cytoskeleton caused by a loss of neurofilaments and microtubules. We think that our findings may
reflect demyelination rather than a disturbance of the cytoskeleton as histological studies reported

myelin detachment and myelin loss without damage to axons induced by macrophages around the
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(inter)nodal regions in patients with CIDP.3 34! The mechanism of paranodal myelin detachment
is present in some patients with CIDP, as described in earlier electrophysiological studies.*** Taken

together, the changes in FA, MD and RD in our CIDP group most likely reflect the loss of myelin.

The absence of increased RD values in patients with MMN indicates that the underlying
pathophysiological mechanism is different from that in CIDP and that demyelination is probably
not the dominant pathophysiological process. Patients with MMN seem to have comparable
quantitative MRI parameters as healthy controls. Scarce histological reports describe normal myelin
sheets.®® Electrophysiological studies may support the idea of changed axon structure with largely
intact myelin sheets.** However, it is rather remarkable that such different DTI profiles are found
between patients with MMN and CIDP while diagnostic tools used in clinical practice, such as
nerve conduction studies, nerve ultrasound and qualitative MRI of the brachial plexus may show
similar abnormalities, e.g. conduction blocks and thickening of the nerves. The differences in DTI
profiles indicate that these abnormalities are more likely to present common endpoints of different

pathophysiological mechanisms rather than comparable etiologies.

In a previous study we found lower AD in the median and ulnar nerves in the forearm of patients
with MMN compared to healthy controls and patients with ALS." It is assumed that AD correlates
with axonal loss, e.g. due to axonal swelling due to the breakdown or change in the permeability
of the axolemma, which is an important feature of MMN.!'44¢ We did not detect differences in AD
between groups at the brachial plexus in this study, which can be explained by the fact that longer
axons and distal parts of axons are more susceptible to injury than short and proximal parts of axons.
Consequently, AD may remain relatively unchanged in the proximal spinal nerve roots of the brachial
plexus. In the previous study we did not find a significant difference in FA between patients with
MMN and ALS, although absolute values of FA were higher in patients with MMN.!"® We found a
significantly higher FA in patients with MMN compared to patients with MND in this study, which

can be explained by the larger sample size and higher statical power in the current study.

Correlations between clinical data and quantitative MRI parameters were weak. We refrained from
studying correlations of nerve conduction studies and imaging results since the measurement sites
did not match. More in general, imaging and electrophysiological studies may reveal different
pathophysiological dimensions. Previous studies found that imaging results did not correlate with

nerve conduction study results in cohorts of patients with inflammatory neuropathies.*’-!

A limitation of our study is the effect of partial volume, which may lead to an underestimation of
diffusion parameters and fat fraction, and varying SNR which may lead to higher FA and lower
RD in case of lower SNRs.*> However, the influence of partial volume effects and different SNR
values were probably small as our results in DTI analysis, T2 mapping and fat fraction analysis

are consistent with each other, and scans were performed in random order with the same software
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versions. Another limitation might be the registration step in the processing pipeline. Due to an
imperfect registration some tracts were not or incompletely found, particularly in nerve root C7 due
to strong susceptibility artifacts caused by the lungs. Our healthy control group is small but we think
the number of healthy controls is sufficient as standard deviations of the means of the quantitative
MRI parameters were small and comparable to the other three study groups, indicating low levels
of variation between individuals. Moreover, the diffusion parameters that we observed were similar
to those previously reported in literature.”® We analyzed relatively short segments of the brachial
plexus, since analysis of longer tracts resulted in a significant dropout of data due to poor data quality.
We therefore decided to only analyze the first centimeter next to the ganglion in order to maximize
the number of datasets. Although we could not include the more distal parts of the brachial plexus,
the advantage of this approach is a well-powered study that provides information on a large patient

population derived with an automated pipeline without subjective bias.

In conclusion, our study gives insight into the nerve architecture of the brachial plexus in a relatively
large cohort of patients with CIDP, MMN, MND and healthy controls. Our study shows that diffusion
parameters differ between CIDP and MMN, which may reflect differences in the underlying
pathophysiological mechanisms. Future studies should combine assessments of the brachial plexus
and distal nerves and assess correlations between quantitative MRI parameters in roots, fascicles
and peripheral nerves and specific clinical deficits. They should also address whether changes occur

in disease course or after treatment.
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ABSTRACT

Objective: Chronic inflammatory demyelinating polyneuropathy (CIDP) and multifocal motor
neuropathy (MMN) respond to immunomodulatory treatment. Management of treatment may be
challenging as treatment response varies between patients and predictive biomarkers for treatment
response or disease course are lacking. Quantitative magnetic resonance imaging (MRI) techniques
are potential biomarkers for disease course and treatment response. Therefore, we performed a
longitudinal quantitative MRI study in patients with CIDP and MMN and evaluated their quantitative

parameters over time.

Methods: We enrolled patients with CIDP (n = 23) and MMN (n = 7). All patients underwent MRI
of the brachial plexus twice with a one-year interval. We obtained diffusion parameters, T2 relaxation
times and fat fraction. We compared MRI parameters between baseline and follow-up scans using
a linear mixed model and studied correlations with clinical parameters (e.g. treatment status and

treatment I'CSpOHSC).

Results: In patients with CIDP, mean diffusivity, axial diffusivity and radial diffusivity decreased
while fat fraction increased over time (p =0.012,0.018,0.015 and 0.045 respectively). In MMN we
found no significant differences between timepoints. We found no significant correlations between

clinical parameters and quantitative MRI parameters in both patient groups.

Discussion: This study shows that quantitative MRI parameters change over time in patients with
CIDP, but not with MMN. We found no significant correlations between the changes in quantitative
MRI parameters and available clinical data. Quantitative MRI techniques evaluated in this study are

unlikely to serve as a biomarker to predict prognosis or to monitor treatment response.
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INTRODUCTION

Chronic inflammatory demyelinating polyneuropathy (CIDP) and multifocal motor neuropathy
(MMN) are both rare chronic inflammatory neuropathies that respond to treatment with
immunomodulation. Treatment may improve motor (MMN and CIDP) and sensory deficits (CIDP
only).!? However, treatment response varies between patients and some patients may worsen over
time despite treatment.> Biomarkers that predict course of disease and correlate with treatment
response are currently lacking which complicates management of these neuropathies. Early
electrophysiological studies showed that axonal damage correlates with weakness and a functional
impairment, but not with response to treatment or unfavorable disease course.*® Nerve ultrasound
studies in patients with CIDP initially suggested that changes of nerve size and echotexture could

correlate with clinical disease activity,” but this has not been corroborated in other studies.®

Quantitative magnetic resonance imaging (MRI) techniques, including diffusion tensor imaging
(DTI), T2 mapping and fat fraction analysis, can provide quantitative information on microstructural
integrity of (nervous) tissue.”'> Longitudinal DTI studies of the brain have shown differences in
diffusion parameters over time in patients with primary brain tumors, Alzheimer’s disease and
Parkinson’s disease.!*! Cross-sectional DTI, T2 mapping and fat fraction analysis studies of the
brachial plexus and peripheral nerves in patients with CIDP and MMN showed differences between
patients and controls, but follow-up studies have not been published.** Therefore, we performed
a longitudinal study in newly diagnosed patients with CIDP and MMN who did not use treatment

at baseline.

METHODS

Study design

We performed a longitudinal study in a cohort of patients with CIDP and MMN. All patients started
immunomodulatory treatment after enrollment (i.e. were treatment naive at baseline). We obtained
quantitative MRI parameters of the brachial plexus at baseline and after approximately one-year. We
compared quantitative MRI parameters between timepoints and studied correlations with clinical
data.

Patients and clinical data

All patients participated in a previous DTI study and had a diagnosis of CIDP or MMN according
to consensus criteria (definite, probable, possible).?¢*” They were treatment naive at the time of the
first research MRI*. We excluded patients who did not start treatment between the first (t ) and the

second MRI (t,) and patients who met one of the routine contraindications to MRI (Figure 7.1).
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We obtained clinical data from electronic patients records, including age; disease duration, defined as
months from diagnosis until t,; MRI interval, defined as time in months between t, and t; treatment
status (including type of treatment, receiving high dose therapy as start of treatment and need for
maintenance therapy); treatment response as documented by the treating physician; and time since
last maintenance treatment in days. The Medical Ethical Committee of the University Medical Center

Utrecht approved this study. Written informed consent was obtained from all study participants.

Figure 7.1 Flow chart of patient selection procedure

Participants MRI 1

n=40
Y
Approved inclusion
criteria MRI 2
n=234
\ 4 \ 4
CIDP MMN
n=25 n=9
Lost to follow up (severe) f
illness, and ?réva g - Lost to fqllow up (travel
diétance) - > distance)
n=2 n=2
\ 4 \ 4
CIDP MMN
n=23 n=7

Abbreviations: MRI = magnetic resonance imaging; CIDP = chronic inflammatory demyelinating polyneuropathy;
MMN = multifocal motor neuropathy

Equipment and MRI protocol

All participants underwent an MRI scan of the brachial plexus at baseline and approximately one year
later. We used a 3.0 Tesla MRI scanner (Philips Healthcare, Best, the Netherlands) with a 24-channel
head neck coil. Patients were positioned in supine position. We used acquisition parameters as described
in a previous study (Table 7.1).% In short, we performed a DTI sequence, T2 mapping and T1 Dixon.

‘We used a 3D turbo spin-echo spectral presaturation with inversion recovery as an anatomical reference.
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Table 7.1 MRI parameters

Parameter DTI T2 mapping T1 DIXON 3D TSE
Acquisition 2D SE-EPI 2D TSE 3D FFE 3D TSE
Field of view 240*180*150 mm?® 240*180*52.5 mm?® 288*288-200.25 mm® 336*336*170 mm?
Matrix size 96*71 96*96 192*%192 224%223
Slice thickness 2.5 mm 2.5 mm - -
Voxel size 2.5%2.5%25 mm®  2.5%2.5%25 mm’®  0.75%0.75%0.75 mm*  0.75%0.75*1 mm’
Echo time 60 ms 7.6 ms 1.186 ms 206 ms
Number of echoes - 17 3 -
Repetition time 8595 ms 3242 ms 5615 ms 2200 ms
Flip angle - - 16° -
Turbo spin echo factor - - - 76
Sensitivity encoding factor 25 2.3 2 (AP); 1 (FH) 3 (RL); 1.5 (AP)
Fat suppression SPAIR - - SPIR
Gradient directions 37 - - -
b values (s/mm?) 0, 50, 100, 150, - - -
300, 400, 600
Acquisition time 05:43 minutes 04:45 minutes 01:56 minutes 03:59 minutes

Abbreviations: DTI = diffusion tensor imaging; TSE = turbo spin echo; SPAIR = spectral attenuated inversion
recovery; SPIR = spectral presaturation with inversion recovery; SE EPI = spin echo-echo planar imaging; FFE
= fast field echo; mm = millimeter; ms = milliseconds; AP = anterior/posterior; FH = foot/head; RL = right/left.

Data processing

We processed MRI data semi-automatically using a two-step custom-build processing pipeline,
as described in detail previously.” In short, the processing pipeline provided whole volume fiber
tractography of the brachial plexus and reconstruction of cervical nerve roots C5, C6 and C7. This
allowed us to extract diffusion parameters (i.e. fractional anisotropy (FA), mean diffusivity (MD),
axial diffusivity (AD), and radial diffusivity (RD)), T2 relaxation times and fat fraction from a

standardized site, i.e. over a 1 cm segment next to the ganglion.

Statistical analysis

We used IBM SPSS Statistics (Version 26, Armonk, New York, United States) for statistical analysis.
To compare patient characteristics, we used an independent samples ¢ test. The mean difference over
time for the quantitative parameters (i.e. diffusion parameters, T2 relaxation times and fat fraction)
was estimated between t; and t,. We used a linear mixed model to correct for the multiple paired
measurements per subject and calculated the mean difference with 95% confidence intervals and p
values. A p value < 0.05 was considered significant. Correlations between the quantitative parameters
and clinical data were analyzed using an independent samples 7 test for categorical data and using the
Pearson correlation coefficient r for continuous data. We considered r < 0.35 as a weak correlation,
0.36 — 0.70 as moderate, 0.70 — 0.89 as high and = 0.90 as a very high correlation.”®
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RESULTS

Patients and clinical data

We included 30 patients: 23 with CIDP and 7 with MMN. Patient characteristics are summarized
in Table 7.2. Patients with MMN were younger than patients with CIDP and disease controls
(p <0.001). Other characteristics did not differ significantly.

Table 7.2 Patient characteristics

Parameter CIDP MMN P
Number of subjects 23 7 -
Age, years (SD) 64.7 (6.3) 45.5(4.9) <0.001
Male (%) 20 (87%) 6 (86%) -
Disease duration, months (SD) 24 @3.0) 1.4 (1.7) 0.45
MRI interval, months (SD) 11.6 (4.8) 14.6 (6.3) 0.18
Duration since last maintenance treatment, days (SD) 16.6 (9.7) 149 (164) 0.76
Treatment details
Received High Dose Therapy 23 (100%) 7 (100%)
Positive treatment response (%) 16 (70%) 7 (100%)
Requires maintenance treatment (%) 14 (61%) 7 (100%)
Immunoglobulins 12 7
Dexamethasone 2 0

Disease duration = time in months between diagnosis and research MRI 1; MRI interval = time in months
between research MRI 1 and research MRI 2; Duration since last maintenance treatment = time between last
treatment and research MRI 2. Age, disease duration, MRI interval and duration since last treatment are mean
(SD). Abbreviations: CIDP = chronic inflammatory demyelinating polyneuropathy; MMN = multifocal motor
neuropathy; p = p value; SD = standard deviation.

Feasibility of data processing

Automated processing identified 87.2% of all nerve roots (88%, 95% and 78% for C5, C6 and C7
respectively). With additional manual adjustments a total of 95% of all CS5 nerve roots, 100% of C6
nerve roots and 95% of C7 could be identified.

Quantitative MRI parameters

Mean differences of the quantitative MRI parameters between t, and t, can be found in Table 7.3.
MD, AD and RD decreased and fat fraction increased over time in patients with CIDP (p =0.012,
0.018,0.015, and 0.045 respectively), but not in patients with MMN. Figure 7.2 shows the changes

of the quantitative MRI parameters between t; and t, for each patient.
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Table 7.3 Mean differences of MRI parameters between the first and second research MRI

Parameter Nerve root CIDP (n = 23) MMN (n=7)
FA Mean dif 95% CI p Mean dif 95% CI p
All -0.005 -0019-0.010 0.544 -0.019 -0.068 -0.029  0.368
C5 -0.003 -0.024-0.019 0.788 -0.045 -0.139-0.048  0.280
C6 -0.002 -0.021-0.018  0.863 -0.015 -0.071-0.042  0.550
C7 -0.010 -0032-0.011 0318 0.002 -0.030-0.034  0.907
MD (x 10 mm?/s)
All -0.054 -0.095--0.014 0012 -0.064 -0.168-0.040  0.184
C5 -0.080 -0.155--0.004  0.040 -0.123 -0.378 -0.133  0.285
Co6 -0.010 -0.056-0.037  0.666 -0.001 -0.173-0.172 0991
C7 -0.078 -0.164-0.009  0.076 -0.068 -0.131 --0.005  0.037
AD (x 10 mm?/s)
All -0.072 -0.129--0.014 0018 -0.098 -0.199-0.003  0.057
C5 -0.100 -0.205-0.005  0.063 -0.206 -0.550-0.139  0.195
C6 -0.015 -0.084-0.055 0.669 -0.003 -0.180-0.174  0.968
Cc7 -0.108 -0213-0.004 0.042 -0.085 -0.163 --0.007  0.035
RD (x 107 mm?s)
All -0.045 -0.081--0.010 0.015 -0.047 -0.150-0.056  0.310
C5 -0.069 -0.132--0.006  0.034 -0.081 -0.300-0.138  0.400
C6 -0.007 -0.047-0.032  0.705 0.000 -0.172-0.173  0.998
C7 -0.064 -0.141-0.018  0.123 -0.059 -0.128 -0.009  0.083
T2 relaxation time (ms)
All -0.379 -0212-1.172 0552 -1.398 -6.789-4.235  0.591
C5 -0.781 -2.697-1.140 0407 1.327 -5404-9539 0522
C6 -0.280 -2.535-1975  0.798 -2.012 -8.992-4969  0.507
C7 -0.057 -2423-2.154  0.903 -3315 -8.106 - 1475  0.141
Fat fraction (%)
All 2307 0.050-4.463  0.045 3.184 -1.854-8218 0.174 7
C5 2412 0.166 -4.657  0.036 5.068 -4.108 -14.412 0.223
C6 2.777 -0.510-6.063  0.093 1.180 -3.868 —-6.227  0.622
C7 1.647 -1.606 -4.893  0.299 3.440 -4074-10954 0.341

Mean differences of diffusion parameters, T2 relaxation time and fat fraction between research MRI 1 and
research MRI 2, with 95% confidence intervals and p values, visualized for patients with CIDP and MMN
separately. Abbreviations: CIDP = chronic inflammatory demyelinating polyneuropathy; MMN = multifocal
motor neuropathy; Mean dif = mean difference; CI = confidence interval; FA = fractional anisotropy; MD =

mean diffusivity; AD = axial diffusivity; RD = radial diffusivity; ms = milliseconds.
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Table 7.4 Outcomes of correlation analysis between quantitative MRI parameters and clinical data

Clinical parameter CIDP (n =23)

A FA A MD A AD ARD AT2(ms) AFF (%)
Categorical variables

Sex (male/female)

Mean D 0.01 0.00 0.04 -0.01 0.04 1.42
p 0.53 0.98 0.67 091 0.99 0.64
Receiving maintenance treatment (no/yes)
Mean D -0.01 0.06 0.08 0.05 0.94 -0.96
p 0.52 0.16 0.20 0.17 0.56 0.66
Treatment response (poor/good)
Mean D -0.01 0.06 0.07 0.05 2.16 -3.27
p 048 0.24 031 0.22 0.21 0.15
Continuous variables
Age
r -0.25 0.19 0.10 0.24 -0.11 -0.14
p 0.26 0.39 0.66 0.26 0.64 0.56
Disease duration
r -0.50 -0.21 -0.33 -0.09 0.04 -041
p 0.02* 0.34 0.12 0.67 0.87 0.07
Time since last treatment
r -0.04 0.23 021 0.22 -0.37 -0.09
p 0.85 0.30 0.33 0.31 0.10 0.69

Different clinical parameters are compared within patients with CIDP and MMN. For each quantitative MRI
parameter mean differences and p values are calculated per categorical variable, and Pearson’s correlation
coefficient (r) with accompanying p values are calculated per continuous variable. All patients with MMN
received maintenance treatment and had a good treatment response so these variables could not be compared
within patients (cells with minus sign).
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MMN (n=7)
AFA AMD AAD ARD A T2 (ms) A FF (%)
0.06 -0.08 0.04 -0.10 549 0.53
0.22 0.53 0.74 0.46 0.44 0.94
030 034 037 032 0.42 037
051 045 0.42 0.49 035 041
0.05 021 032 0.16 0.27 0.68
091 0.65 0.48 0.74 0.56 0.09
-0.03 0.03 0.04 0.06 -0.06 0.22
0.96 0.95 093 0.90 0.90 0.64

None of the quantitative parameters had a significant correlation with the clinical data, except for A FA and disease
duration in patients with CIDP. Abbreviations: CIDP = chronic inflammatory demyelinating polyneuropathy;
MMN = multifocal motor neuropathy; FA = fractional anisotropy; MD = mean diffusivity; AD = axial diffusivity;
RD =radial diffusivity; T2 = T2 relaxation time; ms = milliseconds; FF = fat fraction; Mean D = mean difference;
p = p value; r = Pearson’s correlation coefficient; * = correlation is significant. MD, AD and RD values are

x107 mm?/s.
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Correlation with clinical data

We found a moderate inverse correlation between the difference in FA between baseline and one-
year follow-up (A FA) and disease duration in patients with CIDP (r = -0.50, p = 0.02; Figure 7.3).
Correlations between the other quantitative parameters and continuous clinical variables (age, disease
duration or time since last treatment) were poor and/or not significant. Sex, maintenance treatment and
treatment response did not correlate with quantitative MRI parameters in patients with CIDP (Table
7.4). We did not find any significant correlations between the quantitative MRI parameters and the
continuous clinical variables in patients with MMN (Table 7.4). Sex did not influence the differences

in quantitative parameters over time.

DISCUSSION

This study shows that MD, AD, RD and fat fraction change over time in patients with CIDP, but
not with MMN. We did not establish relevant correlations between the changes in quantitative MRI
parameters and clinical data. Quantitative MRI techniques evaluated in this study, i.e. DTI, T2
mapping and fat fraction analysis, are therefore unsuited as biomarkers to predict prognosis or to

monitor treatment response.

DTI is a promising imaging technique for central and possibly peripheral neurological disorders.
Previous longitudinal studies in patients with primary brain tumors and neurodegenerative
disorders suggested a potential of quantitative MRI parameters as biomarkers'>-'8. Experimental
models of sciatic nerve injury in rats (n = 62) suggested that differences in FA correlated with nerve
regeneration?. Particularly relevant for our study is one cross-sectional DTI study in patients with
CIDP (n = 14) that showed a correlation between FA in the sciatic and tibial nerves and severity of
the neuropathy evaluated with the Neuropathy Impairment Score (NIS)*. The NIS is a composite
score of weakness of the muscles innervated by the cranial nerves and proximal and distal muscles
of the arms and legs, presence or absence of tendon reflexes and sensory function®'. We did not use
NIS in our patients, since it is probably less informative for disease status in MMN. However, we
did not find an association with quantitative MRI of the brachial plexus and weakness (MRC sum

scores) of the arms and legs or any other clinical data.

We previously found differences in quantitative MRI parameters between CIDP and MMN?. This
suggests important differences in (the dynamics of) microstructural integrity of nervous tissue
between these disorders. The quantitative MRI parameters changed longitudinally in CIDP, but
not in MMN. It is not likely that these changes in CIDP can be attributed to treatment. First, all
quantitative MRI parameters did shift towards values found in healthy controls, except for AD.
Second, we did not find a correlation between quantitative MRI data and treatment response. The

differences in longitudinal data between patients with CIDP and MMN are therefore more likely to
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reflect other processes, for example differences in nerve changes that are part of the natural history of
CIDP. Explorative studies of other techniques for biomarker potential, such as nerve conduction and
nerve ultrasound, also failed to show changes after the start of immunomodulatory treatment**8.This
may suggest that effective treatment induces changes in nerves at other levels than those captured

by imaging or conduction.

Quantitative MRI correlates with histological findings®'!. RD indicates hindrance of diffusion for
water perpendicular to the nervous tissue. An increased RD indicates an increased possibility of
water diffusion and can be the result of demyelination or disturbance of the cytoskeleton®!'. The
observed RD decreases could thus reflect remyelination following demyelination in CIDP that has
been described in histological studies**. AD reflects the degree of diffusion along the axon and
further decreases may correlate with swelling due to the breakdown or change in the permeability
of the axolemma and axonal loss. The ongoing decrease of AD in CIDP might indicate progression
of axonal loss. Fat fraction is an indicator for the presence of free water in (nervous) tissue and a
decrease of fat fraction probably reflects active inflammation. The increase of fat fraction over time

could be the result of remyelination or attenuation of inflammation.

This study obviously has limitations. Although the sample size is bigger than in previous studies,
it remains small, in particular for MMN. More inclusions would obviously have led to a more
powered study. Patient characteristics nevertheless showed that the group of patients with MMN
was clinically homogeneous and the sample size is in line with the exploratory character of this
study. More information could have been obtained with a longer follow-up time, but treatment
effects already occur in the course of weeks. We only evaluated the brachial plexus, but this is a
site where abnormalities are often found, as shown by previous nerve ultrasound and qualitative
MRI studies®.

Based on this first longitudinal study on the prognostic value of quantitative MRI parameters in

CIDP and MMN, we conclude that DTI, T2 mapping and fat fraction capture changes in the course

of CIDP, but that their value as a prognostic instrument is probably low.
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GENERAL DISCUSSION

This thesis focuses on the different clinical and imaging characteristics of chronic inflammatory
neuropathies. Diagnostic, pathophysiological and prognostic characteristics are evaluated by
clinical and magnetic resonance imaging (MRI) studies in chronic inflammatory demyelinating
polyneuropathy (CIDP) and multifocal motor neuropathy (MMN). This chapter discusses the main
findings of this thesis, puts these findings into perspective of the current literature and provides

recommendations for clinical practice.

Disease hetero- and homogeneity

Clinical presentation, treatment options and prognosis differ between patients with CIDP and MMN.
CIDP has a very heterogeneous presentation. Typical CIDP (approximately 50-70% of patients
with CIDP) is characterized by slowly progressive symmetric proximal and distal weakness and
sensory deficits with absent reflexes in the extremities."> Symptoms are present in all extremities,
but are most pronounced in the legs.? Variants of CIDP include focal CIDP (< 5% of patients with
CIDP), distal CIDP (7-15%), multifocal CIDP (also known as Lewis-Sumner syndrome, MADSAM
or MIDN, 4-15%), motor CIDP (4-9%) and sensory CIDP (4-35%).*> Diagnosis of CIDP can be
challenging as its atypical variants may be difficult to recognize. This might result in underdiagnosis
which is undesirable as CIDP responds to treatment with immunoglobulins, corticosteroids or
plasmapheresis.® Early treatment can improve muscle strength or sensory symptoms, and prevents
progression of symptoms and permanent axonal damage. Immunoglobulins are probably the
most effective treatment option (76-82% responsiveness), followed by corticosteroids (59-70%
responsiveness) and plasmapheresis (58-67% responsiveness).”® Patients with CIDP can improve
using a second treatment option if the first treatment was ineffective, as shown by a multi-center
study in treatment-naive patients with CIDP?® Prognosis of CIDP is as heterogeneous as its clinical
presentation. Previous longitudinal studies on disease course of CIDP report that approximately 25%
of patients with CIDP experience remission after treatment that allows discontinuation of treatment.”
Partial remission occurs in 60% of patients: in half of these patients treatment can be discontinued,
the other half requires maintenance treatment.” In approximately 10% of patients symptoms remain
severe after five years of treatment.”® Predictors for complete remission are a subacute onset,
symmetry of symptoms and absence of muscle atrophy. Nerve conduction abnormalities in the

distal segments are predictors for complete remission or good response to initial therapy.’

MMN has a more homogeneous presentation than CIDP. MMN is usually characterized by slowly
progressive, asymmetric weakness without sensory deficits that dominates in the arm but weakness
may also be present in the distal leg.' Important clinical mimics of MMN are motor neuron disease
(MND), such as amyotrophic lateral sclerosis (ALS) or progressive muscular atrophy (PMA), and
segmental spinal muscular atrophy. MMN mimics the early stages of these disorders, in particular

MND, and differentiation can be challenging. However, differentiation is important as the prognosis
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and treatment options of MMN and MND differ considerably. Patients with MMN have a normal
life expectancy while median survival time in patients with MND, in particular ALS, is 3-5 years."
Furthermore, MMN responds to treatment with immunoglobulins while there are no symptomatic or
curative treatment options for MND.!? It is important to note that treatment options between MMN
and CIDP differ. MMN does not respond to treatment with corticosteroids or plasmapheresis and
symptoms may even deteriorate following the start of corticosteroids. Differentiation between MMN

and (the atypical variants of) CIDP is therefore also important.

An early start of treatment with immunoglobulins in MMN slows progression of symptoms
although treatment cannot always prevent the development of permanent axonal damage.'>!3
Unlike CIDP, a lot is unknown on the other factors that influence disease progression and prognosis
in MMN. Therefore, we performed a combined cross-sectional and longitudinal study in chapter
2 to explore the natural history of patients with MMN and to define predictive factors for disease
progression and prognosis. This study confirms that, in the large majority of patients, MMN is a
progressive disorder, despite the fact that 87% of the patients were treated with immunoglobulins.
This finding corroborates with findings in earlier smaller studies on natural history in patients with
MMN (n = 11 - 46)."*-'> We found that predictors of a progressive disease course (i.e. a larger
decrease of the Medical Research Council (MRC) sum score over time) were (1) the absence of
at least one reflex at baseline and (2) more weakness (i.e. a lower MRC sum score) at baseline.
We also found that more severe weakness was influenced by a longer disease duration before
treatment and the presence of serum anti-GM 1 antibodies, which is similar to findings of previous
studies.'®!® These findings indicate that it is crucial to reduce the time to diagnosis and start
treatment as early as possible in order to prevent more severe weakness and disease progression.
Improvement of the diagnostic value of the currently available diagnostic tools, such as MRI,

could help to reduce the time to diagnosis.

Diagnosis

The next part of this thesis focuses on diagnosis of CIDP and MMN. Several sets of different
diagnostic consensus criteria have been developed for CIDP and MMN, which underlines the
difficulty of diagnosing these chronic inflammatory neuropathies. The diagnostic criteria for CIDP
and MMN consist of a combination of a characteristic clinical presentation and specific features on

nerve conduction studies (NCS).

The criteria of the European Federation of Neurological Societies/Peripheral Nerve Society (EFNS/
PNS) seem to be the most accurate and widely used set of criteria for CIDP." This was established by
a study that compared 15 diagnostic criteria sets for CIDP. They found that the criteria of the EFNS/
PNS had the highest sensitivity (73%) and specificity (91%).2° Another study exclusively focused
on comparison of three sets of electrodiagnostic criteria for CIDP and also found highest sensitivity
(81%) and specificity (79-96%) for the EFNS/PNS criteria. 2! Therefore, we based our evaluation
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and recommendations in this chapter on these criteria for CIDP. For MMN, such comparative studies
of sets of diagnostic criteria do not exist and we will use the Utrecht criteria for further evaluation

as these criteria also predict treatment response to immunoglobulins %2224

The challenge of diagnosing CIDP or MMN relies mainly on the fact that the diagnostic tools used
in both sets of criteria have their limitations in current clinical practice. In both sets of criteria
abnormalities on NCS are the key feature of diagnosis of CIDP and MMN. However, NCS does
not always show the required specific electrophysiological features. Signs of demyelination could
be easily missed as the NCS protocols are extensive and require specific expertise. If NCS does not
fulfill the electrodiagnostic criteria, diagnosis remains uncertain. This led in the nineties to the search
for additional tools that support diagnosis of CIDP or MMN. Early studies on magnetic resonance
imaging (MRI) of the cauda equina and the nerve roots of the lumbosacral and brachial plexus
showed thickening, a hyperintense signal on T2-weighted imaging and enhancement of the nerve
roots after infusion with gadolinium.** This led to the inclusion MRI as a supportive criterion in
current guidelines for diagnosis of CIDP and MMN. Unfortunately, the diagnostic value of MRI
has not been studied in detail previously. MRI is qualitatively assessed by (neuro)radiologists which
is potentially a major limitation in current clinical practice. Table 8.1 summarizes the diagnostic

criteria for CIDP and MMN and their limitations.

Qualitative assessments of brachial (or lumbosacral) plexus MRI are subjective and large systemic
studies that report objective cut-off values of nerve size are lacking. This may lead to large interrater
variations as the reliability of the current assessment method has not been systematically studied.
In chapter 3 we therefore performed a study that evaluated interrater reliability of the current
qualitative assessment approach of brachial plexus MRI. We found that raters agreed in only 52% of
all brachial plexus images, with a Cohen’s kappa indicating minimal agreement and a poor reliability
(0.30,95% confidence interval 0.14 —0.46). Difficulties in assessing the brachial plexus were mostly
related to distinguishing more subtle cases of nerve thickening. One other study evaluated qualitative
assessment of brachial plexus MRI in a small cohort of patients with CIDP (n = 13) and MMN
(n = 10) using a 4-point scale for nerve thickening.*® They also found a poor interrater reliability
evaluated with the interclass correlation coefficient ICC =0.47), which corroborates our findings. A
qualitative assessment as currently used in clinical practice is, based on these results, not very helpful.
Another approach is needed if we want to improve reproducibility and reliability of assessment.
Quantification of nerve thickness represents an obvious strategy as earlier nerve ultrasound studies
showed excellent test characteristics for the detection of CIDP and MMN.*!32 In chapter 4 we
therefore developed a quantitative measurement method for MRI and calculated its diagnostic value.
We measured nerve root sizes at standardized measurement sites (i.e. next to the ganglion and 1
cm distal from this point) in nerve root C5-C7. We found an acceptable reliability (intrarater ICC
0.55-0.87; interrater ICC 0.65 —0.90) and diagnostic value (area under the curve 0.78 —0.81). Three
other studies explored the feasibility of a quantitative assessment of MRI in patients with CIDP (but
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not MMN) 33735 Two of these studies measured nerve root sizes in the ganglion in patients with CIDP
(n = 14 in both studies) and healthy controls (n = 10 and n = 9 respectively).*** They obtained a
cut-off value of 5.0 mm for nerve root C6-C8 and 6.5 mm for C5-T1 respectively. The ganglion often
appears larger on MRI and measurements in the ganglion may therefore may overestimate nerve
root thickness. The latter study also measured nerve thickness at random, not predefined, sites distal
from the ganglion (C5-T1), and reported a cut-off value of 4.0 mm with an area under the curve of
0.76.3* We found a comparable area under the curve for measurements of nerve root size, although
comparison is difficult as measurement sites were not standardized in the latter study.** Interrater
reliability was higher (0.95) compared to our study but method and analysis of interrater reliability
are not well-explained in the paper. For example, it is unknown if raters scored the scans at the same
time or with a time interval and whether exact measurement sites were known prior to assessment.
Also, details are missing on reliability per nerve root, as they calculated reliability for all nerve roots
together which further complicates comparison with our data. The third study measured nerve root
diameter in the ganglion and did not find any differences between patients with CIDP (n = 15) and
disease controls, most of them with cervical spondylosis (n = 19).* A major limitation in all three
studies is sample size which hampers interpretation and translation of the results in clinical practice.

Also, the control groups are less relevant for clinical practice in all three studies.

Our study in chapter 4 included a relatively large sample of patients with CIDP and MNN (n = 81).
We included disease controls (i.e. patients with a clinical phenotype that mimics CIDP or MMN)
instead of healthy controls as we tried to represent clinical practice as much as possible. This
resulted in the inclusion of a homogeneous group of patients with MND with a lower motor neuron
syndrome at onset of symptoms. As earlier described, differentiation with this patient group is
of great importance as patients with MND have a much less favorable prognosis and have no
symptomatic or curative options for treatment compared to patients with CIDP and MMN.* Patients
with MND mimic patients with MMN, but also 11% of patients with a clinical suspicion of CIDP are
initially diagnosed with MND.*” The majority of patients with CIDP present with slowly progressive
motor deficits (approximately 90%).° The homogeneity of our control group facilitates the translation
to clinical practice, especially to neuromuscular centers that focus on diagnosis of MND. Inclusion
of a more variated control group, e.g. inclusion of patients with axonal neuropathies, hereditary
demyelinating polyneuropathies and paraproteinemic polyneuropathies may further improve
the representativity of our results. However, the hereditary demyelinating polyneuropathies and
paraproteinemic polyneuropathies are a heterogeneous group of neuropathies and could also be
differentiated from CIDP and MMN through their characteristic clinical phenotypes and laboratory
findings. MRI is normally not needed as part of the diagnostic work-up of these neuropathies. The
prevalence of hereditary demyelinating polyneuropathies is approximately 16-30/100.000 citizens
and diagnosis is based on characteristic clinical features as pes cavus and a symmetric distal motor
neuropathy with pronounced atrophy of lower leg muscles, combined with a positive family history

or confirmative genetic defect.®®*! Diagnosis of paraproteinemic polyneuropathies relies on the
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identification of the monoclonal gammopathy, and presence of a possible underlying hematologic
disorder (e.g. antibodies to myelin associated glycoprotein, Waldenstroms macroglobulinemia
or amyloidosis).* These clinical and laboratory features will often guide a clinician to the right
diagnosis without the use of nerve imaging techniques. Optimalization of MRI for these neuropathies
may therefore be less relevant for clinical practice. Patients with axonal neuropathies normally do not
have thickened nerve roots on nerve ultrasound or MRI.*'? The results of our study may therefore

be representative to the group of axonal neuropathies as well.

Another important result of our study is that combinations of measurements of nerve root size
are probably more useful than a fixed cut-off. The inflammatory changes in the cervical nerve
roots are not always homogeneous, but often have a patchy distribution. Variable cut-off values
are therefore preferred over fixed cut-off values. We further found that 6 bilateral measurements
close to the ganglion of root C5, C6 and C7 in coronal plane were easy to implement in routine
practice (3 minutes per subject) and resulted in optimal test characteristics with high specificity
levels (95%). We implemented these results in a practical risk chart that predicts the chance of
having an inflammatory neuropathy (Figure 4.3). Sensitivity levels of quantitative assessment of
brachial plexus MRI were lower (approximately 27%) than those reported in qualitative studies
(approximately 51%).3** This may be explained by a degree of inclusion bias in earlier studies, as
shown by another recent prospective cohort study that reported a relatively low sensitivity (36%)
of qualitative brachial and lumbosacral plexus MRI in patients with suspected CIDP.** Validation
of our results in a future prospective study would further establish that a quantitative assessment is

preferred over a qualitative assessment of brachial plexus MRI.

Our study in chapter 4 primary focused on thickness and did not evaluate T2 signal of the nerve
roots. As earlier described, an increase of signal intensity of nerve roots on T2-weighted imaging
is, combined with nerve root thickening, one of the abnormalities that can be found on (brachial)
plexus MRI in CIDP and MMN % Tissues appear bright on T2-weighted images when they have
a long T2 relaxation time and therefore retain more signal, e.g. water. Hyperintense nerve roots
indicate that there is an increase of the amount of water, for example due to oedema caused by an
inflammatory reaction. Previous qualitative MRI studies of the brachial plexus reported that these
T2 hyperintensities occur in 58-74% of patients with CIDP and 33-43% of patients with MMN 3045
Although T2 hyperintensity also occurs without the presence of nerve root thickening, most patients
(70% of the patients with CIDP and 82% of the patients with MMN) have T2 hyperintensities

accompanied by thickening of the cervical nerve roots.*
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Table 8.1 Diagnostic criteria for CIDP and MMN with their limitations

CIDP

Clinical criteria

Electrodiagnostic
criteria

Supportive criteria

Laboratory findings
Treatment response
MRI
NCS
Nerve biopsy
Diagnostic categories
Definite

Probable

Possible

Typical
1. Chronic (> 2 months), progressive, symmetric, proximal and distal weakness and
sensory dysfunction of all extremities

2. Absent or reduced tendon reflexes in all extremities

Variants

1. Predominantly focal, distal, multifocal, pure motor or pure sensory neuropathy

2. Tendon reflexes may be normal in the unaffected limb

Definite (at least one of the following): (a) motor distal latency prolongation =

50% above ULN in 2 nerves; (b) reduction of motor conduction velocity = 30%
below LLN; (c¢) prolongation of F-wave latency = 30% above ULN in 2 nerves; (d)
absence of F-waves in 2 nerves + > 1 other demyelinating parameter; (e) partial
motor conduction block, i.e. = 50% amplitude reduction of the CMAP; (f) abnormal
temporal dispersion in = 2 nerves; (g) distal CMAP duration increase in = 1 nerve + =
1 other demyelinating parameter in > 1 other nerve.

Probable: = 30% amplitude reduction of the CMAP in 2 nerves, or in 1 nerve + = 1

other demyelinating parameter in = 1 other nerve

Possible: as in ‘definite’ but in only one nerve

Elevated CSF protein (CIDP); CSF protein < 1 g/L and elevated anti-GM1 antibodies
(MMN)

Objective clinical improvement following immunomodulatory treatment

Nerve root thickening, increased signal intensity on T2-weighted images and/or
enhancement with gadolinium of the cauda equina, lumbosacral or brachial plexus
Abnormal sensory electrophysiology in = 1 nerve (CIDP only)

Evidence of demyelination and/or remyelination (CIDP only)

Typical or atypical clinical presentation (1 and 2) + definite NCS; or probable CIDP +
> | supportive criterion; or possible CIDP + = 2 supportive criteria

Typical or atypical clinical presentation (1 and 2) + probable NCS; or possible CIDP
+ = 1 supportive criterion

Typical or atypical clinical presentation (1 and 2) + possible NCS

Summary of the EFNS/PNS diagnostic criteria for CIDP" and the Utrecht criteria for MMN?* with current
limitations. Abbreviations: CIDP = chronic inflammatory demyelinating polyneuropathy; MMN = multifocal

motor neuropathy; ULN = upper limit of normal values; LLN = lower limit of normal values; CMAP = compound

muscle action potential; CSF = cerebrospinal fluid.
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MMN Limitations

Slowly progressive, asymmetric, predominantly distal Atypical variants of CIDP may be difficult to
weakness without sensory dysfunction. Decreased or recognize, differentiation of MMN and early stages of
absent tendon reflexes in affected limb; predominant ~ALS may be difficult

upper limb involvement; age of onset 20-65 years;

no bulbar signs, upper motor neuron features, other

neuropathies or myopathies.

Definite motor conduction block: CMAP area Extensive protocol that is not always completely

reduction = 50% over a long segment, or a CMAP performed; protocol requires specific expertise (signs

amplitude reduction of = 30% over a short distance.  of demyelination could be easily missed); protocol
costs a lot of time; NCS are often burdensome to

Probable motor conduction block: CMAP amplitude  patients

reduction of = 30% over a long segment.

Slowing of conduction compatible with demyelination:
motor conduction velocity < 75% of LLN; distal motor

latency or shortest F-wave latency > 130% of ULN or
absence of F-waves.

Normal sensory conduction in arm segments with
conduction block. Normal SNAP amplitudes.

Expensive, risk of adverse events, no clear definition
(or biomarker) of treatment response

Qualitative assessment without cut-off values for nerve
size

Invasive procedure, sample bias

Fulfills all clinical criteria + CSF protein < 1 g/L +
definite NCS and normal sensory conduction

Fulfills part of clinical criteria + CSF protein < 1 g/L +
probable NCS and normal sensory conduction

Fulfills part of clinical criteria + elevated anti GM1-
bodies or abnormal MRI results or slowing of

conduction and normal sensory conduction
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T2 hyperintensity and thickening of nerve roots are both important key abnormalities on brachial
plexus MRI. However, nerve thickening is easily quantitatively measured, while T2 hyperintensity
is not. This is mainly explained by the challenges to develop and perform a method to quantify T2
hyperintensity. The intensity in a T2-weighted image, i.e. how white the signal appears, depends on
several factors such as differences between sequence parameters and MRI machines. Already small
variations in the MRI scan protocol may lead to large changes in T2 signal intensities. Therefore,
measurements of signal intensity on qualitative MRI are difficult to reproduce and validate in other
centers. Some studies did measure signal intensity by determining a nerve-to muscle contrast-to-
noise ratio.> Although interrater reliability was acceptable in this study, reproducibility remains a
problem due to technical limitations. A more reproducible method would be objective quantification
of T2 relaxation times by T2 mapping. T2 mapping is an innovative quantitative MRI technique
and produces objective measures for the T2 relaxation time in milliseconds of a structure of interest
(chapter 1). The diagnostic value of T2 mapping has been widely studied in cardiac tissue but is

unknown in the peripheral nerves.*-*

To obtain quantitative T2 measures of the peripheral nerves
some post-processing steps are required which could be a possible limitation for implementation in
clinical practice. This limitation will be discussed later in this chapter (see paragraph ‘Implementation

of quantitative MRI in clinical practice’).

MRI and nerve ultrasound

Nerve ultrasound is a relatively new tool in diagnosis of chronic inflammatory neuropathies and may
show nerve thickening of the nerve roots of the brachial plexus and the peripheral nerves. Nerve
ultrasound is a dynamic tool and has a (theoretically) large field-of-view so that the nerves in the arms
and, to a lesser extent, legs are easily evaluated in one examination. Furthermore, nerve ultrasound is
a relatively cheap diagnostic tool. Because of the characteristics and advantages of nerve ultrasound,
recent studies favor a more prominent role for nerve ultrasound in the new diagnostic guidelines for
CIDP and MMN *!%24 Nerve conduction studies (NCS) and nerve ultrasound seem to be compatible
techniques as NCS has a high specificity (97%) and nerve ultrasound has a high sensitivity (94%).*
Diagnostic strategies in which both techniques (i.e. NCS and nerve ultrasound) are combined are
preferred over replacement of one technique by the other. In these diagnostic strategies nerve ultrasound
could be used as a screening tool for CIDP or MMN and treatment could be started after a positive
test result, which reduces the number of unnecessary NCS by 56%.% If nerve ultrasound does not
show nerve (root) thickening, NCS should be performed. However, nerve ultrasound is not widely
implemented in clinical practice, particularly not in non-academic centers, although exact numbers are

lacking. Moreover, the use of nerve ultrasound requires a specific expertise that is not always available.

Nerve ultrasound and MRI differ in many ways. Nerve ultrasound is able to measure nerve root
thickness of the brachial plexus and peripheral nerves in one examination, while MRI has a smaller
field-of-view and, particularly due to time limitations, only one body structure can be imaged in one

examination. MRI, on the other hand, can provide information on T2 signal intensity and enhancement
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of nerve roots after infusion with gadolinium while ultrasound only informs on nerve thickness. MRI
images tissues in three directions (coronal, sagittal and transversal), and these directions can even be
combined in a 3D image, while ultrasound is a 2D imaging technique. MRI is more versatile than
ultrasound and has a lot of modalities that are still un- or less-explored. These modalities might be
of interest for use in scientific research or clinical practice in the future, for example to study other
characteristics than thickening of damaged or injured nerves. Currently explored imaging techniques
only show one-dimensional morphological changes (i.e. thickening of damaged or injured nerves and

nerve roots) in CIDP and MMN. Other morphological changes still remain at the sub-imaging level.

Comparative studies between nerve ultrasound and MRI in patients with CIDP or MMN have been
performed but are scarce. One study compared nerve (root) measurements using nerve ultrasound
and MRI in patients with CIDP (n = 18) and measured cross-sectional areas of the median, ulnar and
radial nerve, and the brachial plexus. They found a positive correlation between nerve ultrasound
and MRI measurements in the peripheral nerves (r =0.72 — 0.74, p = 0.002 — 0.003), but not in the
brachial plexus.” Another study compared cross-sectional areas of the median and ulnar nerve on
nerve ultrasound and MRI in patients with MMN (n = 10) and ALS (n = 10) and also found a positive
correlation (r =0.60, p <0.001).>" This study also showed that both nerve ultrasound and MRI were
able to differentiate MMN from ALS.

Nerve ultrasound has some advantages over MRI as it is a better tolerated, less-expensive and less
time-consuming tool, especially when multiple limbs are imaged. MRI, on the other hand, is widely
available. Based on the above mentioned studies ultrasound and qualitative MRI of the peripheral
nerves have comparable characteristics. However, the added diagnostic value of measurements of
the brachial plexus remains unknown as the CIDP study did not show a correlation between nerve
ultrasound and MRI of the brachial plexus, and the MMN study did not image the brachial plexus,
while MRI of the brachial plexus is part of the diagnostic criteria of both CIDP and MMN (Table
8.1) 595! We therefore evaluated the added diagnostic value of MRI on nerve ultrasound in the last part
of our study in chapter 4. We used the developed risk chart in Figure 4.3 with its cut-off values to
determine which patients had an abnormal MRI. We found that the majority of patients with abnormal
ultrasound findings also had abnormal MRI findings, which corroborates with the comparative
studies as earlier described in this paragraph.®>! In some patients we found that nerve ultrasound
showed thickening while MRI did not. This could be explained by the fact that also the peripheral
nerves were imaged with nerve ultrasound while MRI only imaged the brachial plexus, i.e. that this
was mainly due to the differences in field-of-view between nerve ultrasound and MRI. The added
value of MRI was calculated in the subgroup of patients with CIDP and MMN that did not fulfill the
electrodiagnostic criteria for CIDP or MMN and who had no abnormalities on nerve ultrasound. In
patients with CIDP we found that 5/50 (10%) patients had an abnormal MRI result, while NCS did
not fulfill the electrodiagnostic criteria for CIDP and nerve ultrasound did not show abnormalities.

These 5 patients all responded to immunomodulatory treatment. Only one patient with MMN did
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not fulfill the electrodiagnostic criteria for MMN. This patient did not have abnormalities on nerve
ultrasound, neither on MRI. Diagnosis in this patient was based on clinical presentation combined
with elevated liquor protein and treatment response. We concluded that MRI was of added diagnostic

value even in the context of extensive NCS and nerve ultrasound in CIDP, but not in MMN.

Recommendations for clinical practice

All the above results combined, I would recommend to avoid a qualitative assessment of brachial
plexus MRI. Quantitative assessment is reliable and relatively easy to implement in routine practice.
Combinations of different measurements are preferred over fixed cut-off points in a quantitative
assessment of brachial plexus MRI. Results of brachial plexus MRI could be interpreted using our
risk chart (chapter 4, Figure 4.3). Secondly, MRI should only be performed when clinical suspicion
remains high despite a normal nerve ultrasound or NCS that does not fulfill the electrodiagnostic
criteria in patients with CIDP (but not MMN). If, based on our risk chart, MRI shows abnormalities
compatible with CIDP, other possible diagnoses should be excluded with additional laboratory
examination. Next, immunomodulatory treatment could be started as trial. It is important that
symptoms and treatment response are monitored over time. This strategy prevents that treatment is

withheld from patients and might help the clinician with further differentiation in diagnosis.

These recommendations for CIDP are summarized in a flow chart (Figure 8.1) that integrates the
results of recent nerve ultrasound and MRI studies in the current EFNS/PNS criteria for CIDP." For
MMN, MRI could still be a supportive criterion in the diagnostic criteria of MMN, especially when
nerve ultrasound is not available (Figure 8.2). Finally, it is important to increase the availability of
nerve ultrasound in (non-academic) medical centers. Based on previous studies, nerve ultrasound
should be used as a screening tool before NCS is performed. Nerve ultrasound examination should
consist of assessment of the median nerve in the forearms and upper arms and of C5 nerve root of
the brachial plexus and should be considered abnormal when = 1 measurement site is enlarged.’' 2
When nerve ultrasound is not available in a medical center, I would recommend to perform NCS
when a patient is clinically suspected of CIDP or MMN and follow the current diagnostic criteria,

with the exception that MRI should always be quantitatively assessed.
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Figure 8.1 Proposal of revision of diagnostic criteria for CIDP
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This flow chart summarizes results from recent diagnostic nerve ultrasound and MRI studies on diagnosis of
CIDP and integrates them in the current diagnostic criteria of the EFNS/PNS." In the blue rectangle the position
of MRI of the brachial plexus based on our study in chapter 4 of this thesis.

! Examination of the median nerve in the forearms (> 10 mm?), upper arms (> 13 mm?) and C5 nerve root (> 8
mm?). Abnormal when > 1 measurement site is enlarged.

2 Additional laboratory examination consists of determination of protein in cerebrospinal fluid and exclusion
of other (metabolic) causes of neuropathy (e.g. diabetes, hypothyroidism, liver or renal insufficiency, vitamin
deficiencies).

3 Results of NCS should be interpreted according to the electrodiagnostic criteria of the EFNS/PNS guideline."
4 Supportive criteria of CIDP can be found in Table 8.1. MRI should be quantitatively assessed.

> Results of MRI examination should be quantitatively assessed and interpreted using the risk chart in chapter
4, Figure 4.3.

Abbreviations: CIDP = chronic inflammatory demyelinating polyneuropathy; NCS = nerve conduction studies;
MRI = magnetic resonance imaging; T+ = positive result of test; T- = negative result of test; t+ = good treatment

response; t- = no treatment response.
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Figure 8.2 Proposal of revision of diagnostic criteria for MMN
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This flow chart summarizes results from recent diagnostic nerve ultrasound and MRI studies on diagnosis of

MMN and integrates them in the current diagnostic Utrecht criteria.**

! Examination of the median nerve in the forearms (> 10 mm?), upper arms (> 13 mm?) and C5 nerve root (> 8

mm?). Abnormal when > 1 measurement site is enlarged.

2 Additional laboratory examination consists of determination of protein in cerebrospinal fluid, serum anti-GM1
antibodies and exclusion of other (metabolic) causes of neuropathy (e.g. diabetes, hypothyroidism, liver or renal
insufficiency, vitamin deficiencies).

3 Results of NCS should be interpreted according to the Utrecht electrodiagnostic criteria.**

4 Supportive criteria of MMN can be found in Table 8.1. MRI should be quantitatively assessed.

3> Results of MRI examination should be quantitatively assessed and interpreted using the risk chart in chapter
4, Figure 4.3

Abbreviations: MMN = multifocal motor neuropathy; NCS = nerve conduction studies; CSF = cerebrospinal
fluid; MRI = magnetic resonance imaging; T+ = positive result of test; T- = negative result of test; t+ = good

treatment response; t- = no treatment response.
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Pathophysiology
The second part of this thesis focuses on the feasibility of advanced qualitative and quantitative MRI
to study pathophysiology of CIDP and MMN.

Qualitative MRI of the intraspinal roots

Until now, the majority of studies on nerve imaging in chronic inflammatory neuropathies focused on the
peripheral nerves and the brachial or lumbosacral plexus 2322 Previous studies showed thickening in both
CIDP and MMN that suggest that (inflammatory) abnormalities) are sometimes more widespread than
results from NCS seem to indicate.1°2>2%32 Thickening of the peripheral nerves and brachial plexus did not
correlate with phenotype or clinical characteristics.” Recently developed advanced MRI techniques allow
assessment of the morphology of the intraspinal roots (i.e. motor ventral roots and sensory dorsal roots)
and provide a new opportunity to assess the most proximal nerve roots and to correlate morphological
with functional changes.>® In chapter 5 we performed a hypothesis generating study to explore whether
the cervical intraspinal nerve roots were affected in CIDP and MMN by measuring intraspinal nerve root
size. This study showed that the morphology of the intraspinal nerve roots change in CIDP and MMN
and that the ventral or dorsal root location of these changes corresponds with the nature of neurological
deficits. The heterogeneity of the clinical presentation of CIDP as earlier described is reflected in the
abnormalities of the intraspinal roots as well. The pattern of the thickening of the intraspinal nerve
reflects the various clinical phenotypes of CIDP. Dorsal intraspinal roots (i.e. sensory roots) were thicker
in patients with a pure sensory or ataxic phenotype (i.e. pure sensory CIDP) compared to patients with a
sensorimotor CIDP (p = 0.001) and patients with MND (p = 0.006). Patients with pure motor CIDP had
thicker ventral intraspinal roots (i.e. motor roots) compared to patients with a sensorimotor phenotype
(p =0.018). MMN has a more homogenous presentation and we found that only the ventral roots were
thicker in MMN compared to patients with MND (p =0.002) and patients with CIDP with a sensorimotor
phenotype (p = 0.018). These findings for the first time show that anatomical abnormalities correspond
with clinical deficits in chronic inflammatory neuropathies. Previous MRI studies of the intraspinal roots
have been performed in patients with Guillain-Barré syndrome (n = 24) and showed enhancement in the
spinal roots after infusion with gadolinium with a preferential involvement of the ventral spinal roots in
patients with pure motor Guillain-Barré syndrome. This study also showed enhancement of the ventral and
dorsal spinal roots in patients with a sensorimotor phenotype. Our study extends these results to chronic

inflammatory neuropathies in a large sample of patients.>*

MRI of the intraspinal nerve roots allows us to truly study the most proximal parts of the peripheral
nervous system. Although NCS techniques can be used to gather information regarding the most proximal
parts of the peripheral nerve roots by using F-waves, this technique does not localize the exact site of
injury. Furthermore, previous NCS studies did not show a clear relation between nerve function and

nerve morphology.**-¢!
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The results of our study indicate that motor and sensory nerves can be specific targets for pathophysiological
processes in inflammatory neuropathies. We think that a widespread thickening of the peripheral nerves
is likely to be caused by specific isolated changes in motor or sensory nerves in CIDP and MMN. This
first study on MRI of the intraspinal roots contributes to our understanding of the pathophysiology of
CIDP and MMN.

Quantitative MRI of the brachial plexus

MRI is a versatile tool and with adjustments of the acquisition parameters quantitative MRI
data can be obtained. Innovative MRI techniques, such as diffusion tensor imaging (DTI),
T2 mapping and fat fraction analysis, provide quantitative parameters (chapter 1). These
parameters are assumed to give information on microstructural integrity of (nervous) tissue
and could contribute to our understanding of pathophysiology, for example by correlating these
quantitative MRI parameters to histological findings. The basic principle is summarized in
chapter 1, Figure 1.3. Correlations of diffusion parameters with histology are mainly based on
small experimental mice studies.®*® One study compared diffusion parameters (i.e. fractional
anisotropy (FA), radial diffusivity (RD) and axial diffusivity (AD)) between shiverer mice
(mouse model with myelin defects, n = 7) and control mice.®® Histology of white matter tracts
in the brain, the optic nerve and the trigeminal nerve of the shiverer mice showed a lack of
myelin sheaths and DTI of these tissues showed a lower FA and a higher RD compared to the
control mice, while AD did not differ. Another study evaluated RD, AD and histology of the
optic nerve on four points in time in Swiss Webster mice (normal laboratory mice, n = 11) with
and without retinal ischemia.®> AD was lower in the injured nerve after three days of ischemia
and remained low, while RD remained stable and started to increase after one week. Mice were
sacrificed in subgroups to correlate diffusion parameters to histology at different time points.
Histological analysis after three days and seven days showed axonal loss, while myelin sheets
remained intact after three days but were affected after seven days. The corresponding decrease
of AD after three days and increase of RD after seven days suggests that AD correlates with
axonal loss and RD with demyelination. These findings were corroborated by a comparable DTI
study.* Tt is a clear limitation that only a few studies are at the base of our assumption that AD
and RD correlate with axonal loss and demyelination, respectively. It seems obvious that these
diffusion parameters may not only reflect axonal loss and demyelination. For example, RD
reflects the degree of diffusion of water perpendicular on tissue and an increase of RD might
therefore also be the result of the breakdown of the axolemma or a change in its permeability,
loss of neurofilaments and microtubules, axonal swelling or an increase of the extracellular
space. Changes in diffusion parameters should therefore always be carefully interpreted in the

pathophysiological context of the disease.
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Interpretation of changes in fat fraction and T2 relaxation times in the peripheral nerves are
mainly based on our (limited) knowledge of the histological structure of the peripheral nerves
and MRI physics. Interpretation of fat fraction is based on the histological fact that the peripheral
nerves are surrounded by myelin. Myelin contains a high content of lipids, and the formation of
the myelin sheath requires high levels of fatty acid and lipid synthesis, together with the uptake
of extracellular fatty acids. A decrease of the fat fraction in peripheral nerves may therefore
reflect demyelination or another process that could decrease fat fraction, such as the increase
of water surrounding the nerves, for example due to oedema. An increased T2 relaxation time
indicates, based on MRI physics, an increase of the amount of water, for example due to oedema
caused by an inflammatory reaction. However, just as interpretation of changes in diffusion
parameters, these correlations between histology and changes in fat fraction and T2 relaxation
time should be carefully interpreted. Table 8.2 summarizes the (assumed) correlations between

quantitative MRI parameters and histology.

Table 8.2 Possible correlations of quantitative MRI parameters and histological changes

Quantitative MRI Definition’ Assumed histological correlation
parameter

FA Measures degree of anisotropy of water  Tissue injury, nonspecific
molecules

MD Summary measure of AD and RD Tissue injury, nonspecific

AD Degree of diffusion of water along the =~ When decreased: axonal loss
main axis

RD Degree of diffusion of water When increased: demyelination,
perpendicular on tissue breakdown or change in permeability of

axolemma, loss of neurofilaments and
microtubules, axonal swelling, increase
extracellular space.

T2 relaxation time | Constant of the fitted exponential decay ~When increased: oedema

curve of signal intensity and different

echo times

Fat fraction Percentage of fat of the total signal on an When decreased: demyelination, oedema
MR image

Abbreviations: MRI = magnetic resonance imaging; FA = fractional anisotropy; MD = mean diffusivity; RD =
radial diffusivity; AD = axial diffusivity.
! For an extensive explanation see chapter 1 of this thesis.

Despite the limitations described in the previous paragraph, quantitative MRI techniques can
be explored to study the condition of the peripheral nerves in vivo in patients with chronic
inflammatory neuropathies. A few studies already showed differences in diffusion tensor

parameters and T2 relaxation times in smaller cohorts of patients with CIDP, MMN and
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healthy controls (n = 10 — 18).30%73 As large and systematic studies are currently lacking, we
performed a relatively large cross-sectional study in chapter 6 and evaluated quantitative MRI
techniques (i.e. DTI, T2 mapping and fat fraction analysis) in patients with CIDP, MMN, MND
and healthy controls. We found that CIDP is characterized by a lower FA and a higher RD than
MMN, MND and healthy controls. Fat fraction was decreased and T2 relaxation times were
increased in patients with CIDP. In the light of the earlier assumptions on diffusion parameters
and histology, we think that the increase of RD and the decrease of fat fraction most likely
reflects demyelination in our patients with CIDP. Myelin detachment and myelin loss induced by
macrophages around the (inter)nodal regions have been reported in several studies on biopsies in
CIDP.7*% We explain the increased T2 relaxation as a result of oedema surrounding the nerves,

caused by an inflammatory reaction.

RD values differed between patients with MMN and patients with CIDP, but not between patients
with MMN, MND and healthy controls. This is one of our most remarkable findings as it emphasizes
important differences in the underlying pathophysiologies of CIDP and MMN. We think that
demyelination is probably not the dominant pathophysiological process in MMN and this is supported
by scarce histological reports and electrophysiological studies that report a changed axon structure
but largely intact myelin sheets.®1-% Also, observational studies have noted that most patients with
MMN suffer from cold paresis, a feature that is not compatible with demyelination.® The similarities
in abnormalities across diagnostic NCS, nerve ultrasound and qualitative MRI in clinical practice
are therefore remarkable as well. These similar abnormalities are more likely to present common
endpoints of different pathophysiological mechanisms rather than comparable etiologies, although

this should be established in comparative studies that evaluate both histology and DTI.

Future studies on quantitative MRI and histology

The major limitation in the interpretation of the results of quantitative MRI studies is a lack of
knowledge of the exact correlation between quantitative MRI parameters and histological changes.
There are no human studies available, mostly due to the obvious ethical concerns. The ultimate, albeit
theoretical, study should, in my opinion, include nerve biopsies in patients with CIDP, MMN and
healthy controls, for example of nerve sites that showed conduction blocks on NCS, combined with
MRI DTI, T2 mapping and fat fraction analysis of these sites. Nerve biopsy is an invasive procedure
and could result in persistent nerve damage and loss of nerve function and is therefore not feasible.
An alternative could be a post-mortem study in patients with CIDP or MMN but inclusion rate would
probably be low and results could reflect mostly end stage disease. A better alternative is therefore the
use of animal models such as experimental autoimmune neuritis (EAN) or equivalents, which is used
to model Guillain-Barré syndrome and CIDP and can be induced in rats, mice, rabbits and guinea
pigs.* Animals start to develop ataxia and weakness 2 weeks after immunization with peripheral
nerve myelin proteins or other constituents. Quantitative MRI and NCS should be performed

under anesthesia at baseline, after 1 week, 2 weeks and after full development of symptoms and its
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parameters should be compared over time. A subgroup of the animals should be sacrificed at the same
time points to correlate histological findings. This method may induce sample bias but it seems to
be the best alternative available. An animal model for MMN does not exist but the rabbit model for
acute motor axonal neuropathy is elicited by GM1 antibodies.®” This triggers complement activation
and can potentially disrupt the node of Ranvier, paranodal junctions and presynaptic terminals,
in a similar way to that induced by antiganglioside IgG antibodies.?’#® Histological changes can
already been seen one week after injection.®” Quantitative MRI, NCS and histological analysis
should be performed at baseline, after 4 days, 1-2 weeks, and after full development of symptoms.
Future studies in these for CIDP and MMN representative animal models could give us better
insights in the correlation between quantitative MRI and histology and consequently in underlying

pathophysiological mechanisms.

Implementation of quantitative MRI in clinical practice

Besides its pathophysiological utilities, quantitative MRI can differentiate CIDP from MMN.
Quantitative MRI shows differences in its parameters between patients with CIDP and MMN although
these neuropathies show similar abnormalities on diagnostic NCS, nerve ultrasound and MRI.
Quantitative MRI could be explored as a diagnostic instrument to differentiate focal or asymmetric
CIDP from MMN. However, some practical challenges regarding the processing of quantitative MRI
data have to be overcome if we want to implement this technique in clinical practice. Processing of
quantitative MRI data occurs after acquisition of the data. These processing steps can be performed
manually or automated. To minimize subjective bias, the use an automated pipeline that processes
all the data the same way is preferable. We described a custom-build automated processing pipeline
in chapter 6 that processes one data set in approximately 60 minutes and requires some technical
background and training for proper use. Duration of the pipeline and user-friendliness should be
improved if we finally want to implement quantitative MRI in clinical practice. A close cooperation

between technical scientists and medical professionals is the key to the solution.

Prognosis

The last part of this thesis explores the role of MRI as a potential tool for prognosis, .g. to monitor disease
course and treatment effects, in patients with CIDP and MMN. In current clinical practice, challenges in
management of chronic inflammatory neuropathies concern dosing (frequencies) of immunoglobulins
and monitoring of treatment response. These challenges mainly rely on the fact that objective markers
that predict disease course and treatment response are lacking. As advanced MRI techniques, such as
DTI, can provide quantitative parameters on nerve architecture, these techniques are of interest to serve as
biomarkers. Longitudinal quantitative MRI studies in patients with CIDP and MMN are currently lacking.
We therefore evaluated quantitative MRI of the brachial plexus in patients with CIDP and MMN in an
exploratory longitudinal study, which is described in chapter 7. We used the data collected in chapter 6
as our baseline data and compared these data with data of quantitative MRI (i.e. diffusion parameters,

T2 relaxation times and fat fraction) after one-year follow-up. We found that mean diffusivity, AD, RD
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and fat fraction changed over time in patients with CIDP, but not in MMN. Unfortunately, we could not
establish high correlations between these alterations and clinical data (i.e. age, disease duration, time
since last treatment, sex, receiving maintenance treatment and treatment response). Despite the lack
of clinical correlations, we established that the quantitative MRI parameters after one-year follow-up
differed between patients with CIDP and MMN, which is similar to the results we found in chapter 6. We
concluded that the differences in longitudinal data between CIDP and MMN are probably based on nerve
changes that are part of the natural history of CIDP, and for example cannot be attributed to treatment

response as extensively explained in the discussion section of chapter 7.

Previous longitudinal quantitative MRI studies mainly focused on DTI of the brain and only one
study correlated clinical outcome measures (i.c. a decline in executive function) to an increase of RD
after radiation therapy in patients with a primary brain tumor (n = 22).” Only one study focused on
the peripheral nervous system (i.e. sciatic nerve injury) but this study was performed in rats (n = 63)
and only evaluated FA.”' The authors reported a correlation between an increase of FA and nerve
regeneration. FA is a summary measure of AD and RD and changes in FA, without knowledge of
changes in AD or RD, are unspecific. Although our study is one of the first longitudinal studies of
the peripheral nervous system, the results indicate that DTI, T2 mapping and fat fraction analyses of
the brachial plexus are unlikely to serve as a biomarker to predict prognosis or to monitor treatment

response.

Future research into reliable and robust biomarkers for (early) treatment response and prognosis
could focus on other tissues as target for imaging (e.g. muscle) or on other techniques than MRI,
such as laboratory findings or electrophysiology. The use of other techniques is preferred as
imaging of other tissues, such as the muscles or the peripheral nerves, has considerable limitations.
Quantitative muscle MRI has been studied as a potential biomarker for neuromuscular diseases, such
as Duchenne muscular dystrophy, Becker muscular dystrophy, limb-girdle muscular dystrophy and
spinal muscular atrophy (SMA).”>*> However, these studies are performed in diseases that affect the
large muscles of the arms and legs. In the majority of patients with CIDP and MMN symptoms are
most pronounced in the smaller distal muscles of the hands and feet. Smaller structures may be less
suited for imaging studies. This might lead to lower data quality, more artifacts and loss of data and
this compromise feasibility for use as a biomarker. Imaging of the peripheral nerves is an alternative
but these relatively thin structures might also lead to artifacts and loss of data.”” Furthermore, to
image the peripheral nerves in the arms with MRI a patient has to be positioned with the arms above
the head, which is an uncomfortable position, particularly when scan duration is long. Also other
imaging modalities, such as nerve ultrasound, failed to show correlations between nerve size and

clinical disease activity or treatment response in a recent longitudinal study.”
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Laboratory findings or electrophysiology to monitor disease course might be more appropriate
options to explore. For example, serum neurofilament light chain (sNfL) has been studied as a
biomarker in various neurological disorders, such as multiple sclerosis, SMA and ALS.”” sNfL is
released into the cerebrospinal fluid and into the blood as a subunit of a cytoskeletal protein in case of
neuroaxonal damage. Two exploratory studies have been performed on the prognostic value of sNfLL
in disease course of patients with CIDP and MMN. The first study included patients with various
acquired polyneuropathies (n = 25, from which 12 patients with CIDP and 3 with MMN) and found
increased levels of sNfL in patients with a polyneuropathy, correlating to disease activity measured
with the overall neuropathy limitations scale.”®* As this study included various polyneuropathies
the results could not be translated to a prognostic value for CIDP and MMN. A recent study that
included patients with CIDP (n = 80) and healthy controls correlated sNfL levels to NCS results
and found a correlation between sNfL and axonal damage.'® Unfortunately, not all patients in this
study underwent NCS and the found correlation was not significant when corrected for age. They
also found that patients with an active disease (i.e. patients who did not respond to treatment and
patients who relapsed) had higher sNfL levels compared to patients with stable disease (i.e. patients
who responded to treatment and patients who were successfully withdrawn) which is promising for
future studies. Future studies could include more time points of serum collection, repeated NCS and
neurological examination, and eventually the use of a validated scale for impairment such as the

inflammatory Rasch-built overall disability scale.'”!

Another quantitative technique that might be of interest for monitoring disease course in CIDP and
MMN is the compound muscle action potential (CMAP) scan. A CMAP scan plots the response size
of motor units against stimulus intensity which results in a visual assessment of one entire muscle.'*
A CMAP scan can be performed in the large muscles of the arms and legs as well as in the small
muscles of the hands and feet. This makes this technique of interest for patients with CIDP and MMN.
The CMAP scan is rarely used in electrodiagnosis in current clinical practice but is increasingly used
in scientific research. For example, the CMAP scan has been explored in patients with ALS (n = 10)
and PMA (n = 3) as a potential biomarker to monitor disease progression.'” They correlated a CMAP
scan-based progression score to motor unit number estimation, which provides an estimate of the
number of functional motor units, and found a significant correlation. They concluded that the CMAP
scan is able to quantify disease progression in muscles affected by MND, but unfortunately did not
report correlations with clinical data. Recently, the first CMAP scan study results in patients with
CIDP (n = 16) have been reported in a prospective study.'* This study showed that some CMAP scan
parameters of the abductor pollicis brevis (i.e. step number and step percentage) decreased after 6
months of treatment, which was negatively correlated to pinch power, handgrip strength and upper
MRC sum scores. Future studies should validate these results and should include more CMAP scan

examinations during treatment (e.g. before and after a dose of immunoglobulins).
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Conclusions

This thesis aimed to explore the feasibility of qualitative and quantitative MRI in diagnosis,
pathophysiology, and prognosis of CIDP and MMN. The value of qualitative brachial plexus MRI in
diagnosis of CIDP and MMN can be improved by using a quantitative assessment method. Quantitative
assessment is reliable and is able to identify patients who respond to treatment but who would have
been missed by nerve conduction studies and nerve ultrasound. Advanced MRI techniques, such
as qualitative MRI of the intraspinal roots, provide new information on morphological changes in
the cervical intraspinal roots in CIDP and MMN that correspond with functional deficits. Relatively
new quantitative MRI techniques, i.e. DTI, T2 mapping and fat fraction analysis, are able to dissect
pathophysiology by showing important differences in diffusion parameters between CIDP and
MMN. These quantitative MRI techniques have been explored as a biomarker to predict prognosis

and treatment response as well but their value as a prognostic instrument is probably low.
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Het perifere zenuwstelsel verbindt de hersenen en het ruggenmerg met de spieren in ons lichaam. Via
de perifere zenuwen wordt informatie van en naar de hersenen getransporteerd en zijn wij in staat om
kracht te zetten en te bewegen, en om temperatuurverschillen, pijn en aanraking te voelen. Bij schade
aan deze perifere zenuwen wordt er gesproken van een neuropathie (of van een polyneuropathie
als meer dan 1 zenuw beschadigd is). Neuropathieén kunnen verschillende oorzaken hebben, zoals
beschadiging van de zenuw door alcohol, medicatie, lever- of nierfalen, vitaminedeficiénties of
een idiopathische oorzaak. Behandeling en beloop van de neuropathie kan erg variéren athankelijk
van de onderliggende oorzaak. Het is daarom belangrijk om de juiste oorzaak te vinden en zo de
juiste diagnose te stellen. Bij het zoeken naar de juiste diagnose maakt de neuroloog gebruik van
de klinische presentatie en het neurologisch onderzoek. Ook aanvullende onderzoekstechnieken,
zoals bloedonderzoek, zenuwgeleidingsonderzoek en beeldvorming kunnen hierbij helpen. Het
is belangrijk dat deze aanvullende onderzoekstechnieken betrouwbaar zijn en dat zij met ruim
voldoende zekerheid de aan- of afwezigheid van de ziekte kunnen voorspellen, want alleen dan zijn

ze bruikbaar in de klinische praktijk.

Chronische inflammatoire demyeliniserende polyneuropathie (CIDP) en multifocale motore
neuropathie (MMN) zijn beide zeldzame polyneuropathieén met een inflammatoire oorzaak. Bij
patiénten met “typische” CIDP is er sprake van een langzaam progressief, symmetrisch en distaal
krachtsverlies, dat gepaard gaat met gevoelsstoornissen en de afwezigheid van de reflexen in alle
extremiteiten. CIDP is echter een heterogeen ziektebeeld en bestaat uit typische CIDP en varianten
hiervan. Het stellen van de diagnose ‘CIDP’ is daarom soms een uitdaging voor de neuroloog.
Het stellen van de juiste diagnose is echter belangrijk omdat CIDP reageert op behandeling met
immunoglobulinen, corticosteroiden of plasmaferese. De behandeling kan het krachtsverlies en de
gevoelsstoornissen verbeteren en kan verdere progressie en onomkeerbare schade aan de zenuwen

voorkomen.

MMN daarentegen is een homogener ziektebeeld en de klachten treden vooral asymmetrisch
op en met name in de handen, maar soms ook in de voeten. Er is sprake van krachtsverlies
zonder gevoelsstoornissen. De symptomen bij MMN kunnen erg lijken op de symptomen van
amyotrofische laterale sclerose (ALS) of progressieve spinale musculaire atrofie (PSMA). Het is in
de klinische praktijk belangrijk om onderscheid te maken tussen MMN en ALS en PSMA omdat
de prognose en behandelopties erg verschillen. Voor ALS en PSMA bestaat op dit moment nog
altijd geen symptomatische of curatieve behandeling, terwijl MMN, net als CIDP, op behandeling
met immunoglobulinen reageert. MMN verslechtert op behandeling met corticosteroiden en het

onderscheid met CIDP moet daarom ook altijd gemaakt worden.
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Uit eerdere studies over CIDP is bekend dat er een aantal factoren zijn die een gunstig beloop van
de ziekte en de prognose kunnen voorspellen, zoals een subacuut begin, symmetrie van de klachten
en afwezigheid van spieratrofie. Er is weinig bekend over de factoren, anders dan het gebruik van
immunoglobulinen, die van invloed zijn op de ziekteprogressie bij MMN. Hier is weinig onderzoek
naar gedaan. Om hier beter inzicht in te krijgen is het ziektebeloop bij (met immunoglobulinen
behandelde) patiénten met MMN bestudeerd in hoofdstuk 2. De resultaten van deze longitudinale
studie laten zien dat MMN een progressieve aandoening is en dat de meeste patiénten, ondanks
behandeling met immunoglobulinen, een langzame afname van de spierkracht ervaren. Factoren die
van invloed zijn op deze afname van de spierkracht zijn afwezige reflexen ten tijde van het stellen
van de diagnose, als ook het aanwezig zijn van reeds zeer uitgesproken zwakte op dat moment. Deze
uitgesproken zwakte wordt weer beinvloed door de aanwezigheid van anti-GM1 antilichamen in
het bloed van de patiént en door een langere ziekteduur tot aan start van therapie. Op basis van deze
resultaten is het dus van cruciaal belang om de diagnose MMN tijdig te stellen zodat vlot gestart

kan worden met de behandeling met immunoglobulinen.

Het stellen van de diagnose CIDP of MMN is in de huidige klinische praktijk gestoeld op een aantal
criteria die de kernsymptomen omvatten van CIDP of MMN, tezamen met het vinden van specifieke
afwijkingen bij zenuwgeleidingsonderzoek. Er bestaan in de huidige literatuur verschillende versies van
deze diagnostische consensus criteria, wat aangeeft dat er weinig overeenstemming bestaat over hoe de
diagnose CIDP of MMN gesteld zou moeten worden. Daarnaast hebben de diagnostische hulpmiddelen
die gebruikt worden in de huidige diagnostische criteria hun beperkingen wat de toepassing van de criteria
verder bemoeilijkt. Zenuwgeleidingsonderzoek kan bij patiénten met CIDP of MMN vertragingen laten
zien in de zenuwgeleiding en de meest specifieke afwijkingen bestaan uit het vinden van blokkades in
de zenuwgeleiding (demyelinisatie). Het vinden van deze vertragingen of blokkades is niet gemakkelijk
en meestal is er veel ervaring en neurofysiologische expertise nodig om de afwijkingen te vinden. Dit
maakt het zenuwgeleidingsonderzoek voor CIDP en MMN lastig en kan ervoor zorgen dat de afwijkingen
worden gemist. Als het zenuwgeleidingsonderzoek geen of onvoldoende aanwijzingen toont voor
demyelinisatie kunnen ondersteunende onderzoekstechnieken nodig zijn om de diagnose CIDP of MMN
te stellen of juist te verwerpen. Deze ondersteunende onderzoekstechnieken bestaan uit bloedonderzoek
en beeldvorming van de zenuwen. Beeldvorming van de zenuwen betreft doorgaans magnetic resonance
imaging (MRI) maar in gespecialiseerde medische centra wordt tegenwoordig ook gebruik gemaakt
van zenuwechografie. Op een MRI van het zenuwvlechtwerk in de nek, de plexus brachialis, kunnen
verdikkingen worden gezien van de cervicale zenuwwortels (Figuur 1.4A). Daarnaast kan het signaal
van de zenuwwortels ‘intenser’, ofwel witter, zijn op T2-gewogen opnamen (Figuur 1.4B) of kunnen de

zenuwwortels aankleuren na toediening van gadolinium.
In de huidige klinische praktijk worden de MRI-scans van de plexus brachialis subjectief beoordeeld
omdat er geen afkapwaarden bestaan voor abnormale zenuwdikte. Dit kan leiden tot grote variaties

tussen beoordelaars en het beperkt de betrouwbaarheid van de uitslag van het onderzoek en
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daarmee ook de diagnostische waarde. Systematische studies naar de betrouwbaarheid van de
huidige beoordelingsmethode ontbreken en daarom is in hoofdstuk 3 onderzocht hoe betrouwbaar
de huidige (kwalitatieve) beoordelingsmethode is. Deze betrouwbaarheid is bepaald aan de hand
van de inter-observer variabiliteit. Uit de studie blijkt dat de inter-observer variabiliteit hoog is,
wat erop wijst dat er veel variatie is tussen beoordelaars. In slechts 52% van alle beoordeelde
scans blijken de beoordelaars het eens te zijn. De resultaten van deze studie onderstrepen dat een
meer objectieve en kwantitatieve beoordelingsmethode nodig is als we de diagnostische waarde
van MRI voor CIDP en MMN willen verbeteren. In hoofdstuk 4 is daarom een kwantitatieve
beoordelingsmethode ontwikkeld voor het beoordelen van MRI van de plexus brachialis. De inter-
en intra-observer variabiliteit en de diagnostische waarde van de beoordelingsmethode wordt
onderzocht en tevens wordt de toegevoegde waarde van MRI bovenop zenuwgeleidingsonderzoek
en zenuwechografie uitgezocht. De kwantitatieve beoordelingsmethode heeft een acceptabele
betrouwbaarheid (intrarater interclass correlation coefficient (ICC) 0.55 — 0.87; interrater ICC
0.65 — 0.90) en voldoende diagnostische waarde (area under the curve 0.78 — 0.81). Uit deze studie
blijkt verder dat MRI van de plexus brachialis vooral van toegevoegde waarde is voor patiénten met
CIDP die géén afwijkingen laten zien bij zenuwgeleidingsonderzoek of zenuwechografie maar wel
een hoge klinische verdenking hebben. Bij 5 van de 50 (10%) patiénten is MRI toch nog afwijkend
als gebruik gemaakt wordt van de in deze studie ontwikkelde kwantitatieve beoordelingsmethode.
Deze patiénten laten bij behandeling een goede behandelrespons zien en zij zijn dus gebaat bij
het maken van een MRI. Uit deze studie blijkt ook dat het minder nuttig is om nog een MRI te
maken als zenuwgeleidingsonderzoek of zenuwechografie al een afwijkend resultaat laten zien.
Zenuwgeleidingsonderzoek en zenuwechografie kunnen tezamen namelijk al met voldoende
zekerheid de diagnose stellen of juist verwerpen. Voor patiénten met MMN geldt dat het maken van
een MRI van beperkte toegevoegde waarde is. Bij een verdenking op MMN is het alleen nuttig om
een MRI te maken als er geen zenuwechografie beschikbaar is in het ziekenhuis. Zenuwechografie
is, zoals eerder genoemd, een relatief nieuwe onderzoekstechniek die vooral beschikbaar is
in academische medische centra. In een aanzienlijk deel van de ziekenhuizen in Nederland (en
daarbuiten) is zenuwechografie nog niet beschikbaar en kan het verrichten van een MRI wel van
toegevoegde waarde zijn. In Figuur 8.1 en Figuur 8.2 worden aanbevelingen gedaan om de huidige
diagnostische criteria voor respectievelijk CIDP en MMN te herzien op basis van de resultaten
afkomstig uit de studies in hoofdstuk 3 en hoofdstuk 4.

MRI wordt in de huidige klinische praktijk vooral ingezet als diagnostisch hulmiddel. Echter
is MRI een zeer veelzijdig beeldvormend instrument en kan het ook op andere manieren een
bijdrage leveren aan de medische praktijk. Door het aanpassen van de instellingen van de MRI-
scanner kan MRI bijvoorbeeld gebruikt worden om een beter inzicht te krijgen in onderliggende
pathofysiologische mechanismen of als biomarker voor ziekteprogressie. Het tweede gedeelte van
dit proefschrift besteedt aandacht aan deze toepassing van MRI middels het bestuderen van nieuwere

en geavanceerde MRI-technieken.
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Huidige studies over zenuwbeeldvorming bij CIDP en MMN hebben zich voornamelijk gericht
op het in beeld brengen van de perifere zenuwen en de plexus brachialis of lumbosacralis. Over
eventuele afwijkingen, zoals verdikkingen, in de meer proximale delen van de perifere zenuwen,
de intraspinale zenuwwortels, is weinig bekend. In hoofdstuk 5 wordt gebruik gemaakt van een
relatief nieuw ontwikkelde MRI-sequentie om deze intraspinale zenuwwortels (i.e. de ventrale
motore zenuwwortels en de dorsale sensibele zenuwwortels) af te beelden. Deze studie laat zien
dat ook de intraspinale zenuwwortels verdikt kunnen zijn in vergelijking met gezonde controles
(p < 0.001) en ziektecontroles (patiénten met ALS en PSMA; p = 0.003). In deze studie wordt
ook gekeken naar verdikkingen binnen klinische fenotypes. Er wordt onderscheid gemaakt tussen
patiénten met een puur motorische neuropathie (patiénten met MMN en motorische CIDP), een
puur sensibele of atactische neuropathie (sensibele of atactische CIDP) en een sensomotorische
neuropathie (sensomotorische CIDP). Uit de resultaten blijkt dat patiénten met een puur sensibele
neuropathie verdikte dorsale zenuwwortels hebben, terwijl de patiénten met een puur motorische
neuropathie verdikte ventrale zenuwwortels hebben. Deze studie laat voor het eerst zien dat er
veranderingen zijn in de intraspinale zenuwwortels in patiénten met CIDP en MMN en dat de locatie
van deze veranderingen overeenkomt met de neurologische klachten. Eerdere zenuwechografie- of
zenuwgeleidingsonderzoekstudies zijn er nog niet in geslaagd om een dergelijke correlatie aan
te tonen. De verdikkingen die gezien worden in de plexus brachialis of lumbosacralis en perifere
zenuwen van de armen en benen zouden dus vooral veroorzaakt kunnen worden door geisoleerde
veranderingen in ofwel motorische ofwel sensorische zenuwen. Hiermee draagt deze studie bij aan

een beter begrip van de pathofysiologie van CIDP en MMN.

Een andere geavanceerde MRI-techniek betreft kwantitatieve MRI. In de huidige klinische praktijk
wordt er vooral gebruikt gemaakt van kwalitatieve MRI en is het product van een scansessie alleen
een plaatje. MRI-technieken die kwantitatief van aard zijn produceren naast een (3D) plaatje ook
een getal of parameter. Voorbeelden van kwantitatieve MRI-technieken zijn diffusion tensor imaging
(DTI), T2 mapping en analyse van de vetfractie. DTI produceert verschillende parameters die iets
zeggen over de mate en richting van de diffusie van watermoleculen langs rechtlijnige structuren,
zoals de zenuwbanen. T2 mapping produceert een parameter die iets zegt over de T2 relaxatietijd.
Analyse van de vetfractie produceert een percentage dat de hoeveelheid vet in een bepaalde
structuur weergeeft. Op basis van eerdere studies wordt aangenomen dat deze kwantitatieve MRI-
parameters kunnen correleren aan histologische bevindingen. Hiermee bieden deze MRI-technieken
de mogelijkheid om in vivo de zenuwarchitectuur te bestuderen en dat kan weer gebruikt worden
om de pathofysiologie te ontrafelen of om te dienen als biomarker voor ziekteprogressie. In CIDP
en MMN zijn tot op heden enkele explorerende studies verricht in kleine groepen patiénten. Omdat
grote en systematische studies ontbreken is in hoofdstuk 6 een studie verricht in een grote groep
patiénten met CIDP en MMN. De studie bestudeert welke kwantitatieve MRI-technieken verschillen
kunnen aantonen tussen patiénten met CIDP en MMN. De plexus brachialis wordt hierbij in beeld

gebracht met DTI en er wordt gebruik gemaakt van T2 mapping en analyse van de vetfractie van de
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zenuwen. De opvallendste bevinding uit deze studie is dat er verschillen zijn in de diffusieparameters
tussen patiénten met CIDP en MMN. Zo hebben patiénten met CIDP een hogere ‘radial diffusivity’
dan patiénten met MMN (p < 0.001), een diffusie parameter die lijkt te correleren met demyelinisatie.
Dit kan erop wijzen dat het onderliggende pathofysiologische proces wezenlijk anders is bij patiénten
met CIDP en MMN, terwijl zij wel dezelfde afwijkingen vertonen bij zenuwgeleidingsonderzoek,
zenuwechografie en kwalitatieve MRI. De resultaten suggereren met name dat het pathofysiologische
proces bij patiénten met MMN niet primair lijkt te berusten op demyelinisatie. Deze studie draagt
bij aan een beter begrip van de onderliggende pathofysiologische processen in CIDP en MMN en
geeft verdere richting aan toekomstig onderzoek naar mogelijke biomarkers voor ziekteprogressie

en behandelrespons.

Het laatste gedeelte van dit proefschrift richt zich op kwantitatieve MRI en de toepassing hiervan
voor gebruik als biomarker. Biomarkers kunnen onder andere gebruikt worden om het ziektebeloop
te vervolgen en om behandelrespons te monitoren. Voor CIDP en MMN bestaan er op dit moment
geen robuuste en betrouwbare biomarkers, terwijl dit voor de klinische praktijk wel nodig is gezien
het ziektebeloop en de respons op behandeling van patiént tot patiént kan variéren. Hoofdstuk
7 beschrijft daarom een longitudinale studie die onderzoekt of kwantitatieve MRI van de plexus
brachialis geschikt zou kunnen zijn om te dienen als biomarker voor CIDP en MMN. Diverse
kwantitatieve MRI-parameters worden verkregen middels DTI, T2 mapping en analyse van de
vetfractie en zij worden opgevolgd over 1 jaar tijd. De resultaten van deze studie laten zien dat bij
patiénten met CIDP verschillende diffusieparameters en de vetfractie veranderen over de tijd. Deze
veranderingen correleren helaas niet aan een van de klinische parameters zoals behandelrespons en
spierkracht. Patiénten met MMN lieten geen veranderingen zien in een van de kwantitatieve MRI-
parameters over de tijd. Op basis van deze studie lijkt kwantitatieve MRI van de plexus brachialis
een beperkte prognostische waarde te hebben. Deze studie geeft daarentegen wel richting voor
toekomstig onderzoek. Zo zouden toekomstige onderzoekers zich kunnen richten op het gebruik

van andere technieken dan beeldvorming.

Samengevat richt dit proefschrift zich op het onderzoeken van de verschillende kenmerken van
CIDP en MMN middels meerdere MRI-studies. Het verbeteren van de waarde van MRI binnen de
diagnostiek van CIDP en MMN wordt beschreven, alsook het gebruik van MRI voor het bestuderen
van de pathofysiologie en als biomarker voor het vervolgen van ziektebeloop en respons op
behandeling. Dit proefschrift beschrijft dat MRI van de plexus brachialis betrouwbaar kan worden
ingezet voor het stellen van de diagnose CIDP of MMN, mits een kwantitatieve beoordelingsmethode
gebruikt wordt. Met name voor CIDP-patiénten is MRI van toegevoegde waarde. Verder laat MRI
van de intraspinale zenuwen zien dat er ook morfologische veranderingen zijn in de meest proximale
delen van het perifeer zenuwstelsel bij patiénten met CIDP en MMN en dat dit lijkt samen te hangen
met de neurologische klachten. Geavanceerde, kwantitatieve MRI-technieken, zoals DTI, zijn in

staat om verschillen aan te tonen in de plexus brachialis tussen CIDP en MMN, wat erop wijst dat
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de primaire onderliggende pathofysiologische processen van deze twee neuropathieén verschillend
zijn ondanks gelijke uitkomsten bij zenuwgeleidingsonderzoek, zenuwechografie en kwalitatieve
MRI. Wat betreft het voorspellen van ziektebeloop of respons op behandeling lijken de kwantitatieve
MRI-technieken onderzocht in dit proefschrift van beperkte waarde en minder geschikt om als

biomarker gebruikt te worden in de klinische praktijk.
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DANKWOORD

Een promotietraject biedt niet alleen de mogelijkheid om je te ontplooien binnen de wetenschap,
maar geeft ook tijd om na te denken over binnen welk specialisme je je medische kennis verder
wilt uitbreiden, om uit te vinden welke balans tussen werk en privé het beste past in je leven en
om te trainen voor een eerste Nijmeegse Vierdaagse. Ik kijk dan ook terug op een uiteenlopende
periode in mijn leven als het gaat om hoe de tijd in de afgelopen drie jaar besteed kon worden
en hoe dit op een hele waardevolle, maar ook praktisch nuttige, manier heeft bijgedragen aan
de vormgeving van mijn leven. Ik ben daarom dankbaar dat het mij gegeven is om dit mee te

mogen maken.

Allereerst heb ik een woord van zeer grote dank voor alle betrokken patiénten en vrijwilligers
die de tijd en de bereidheid gevonden hebben om deel te nemen aan mijn MRI-studie en daarmee
een enorme bijdrage hebben geleverd aan de totstandkoming van dit proefschrift. Ik vind het erg
bijzonder om te zien dat zij vanuit heel Nederland naar Utrecht zijn gekomen voor deelname

aan het onderzoek.

Natuurlijk wil ik ook alle collega’s, vrienden en familie bedanken die op wat voor manier dan

ook hebben bijgedragen aan dit proefschrift, waarvan een aantal in het bijzonder.

Ludo, het was heel prettig om samen te werken met iemand met zoveel kennis op het gebied
van inflammatoire neuropathieén en MMN in het bijzonder. Jouw wetenschappelijke ervaring en
schrijfvaardigheden waren onmisbaar voor de artikelen in dit proefschrift en hiervoor ben ik je
dan ook erg dankbaar. Daarnaast zei jij me ooit dat het in principe niet goed is, als ik het gevoel
heb dat het niet goed is, en deze wijsheid zal ik meenemen in mijn verdere carrierepad maar
ook daarbuiten. Verder gaf jij me mee dat het goed is om altijd een vervolgvraag te stellen op
een eerder gestelde vraag, ik zal dit proberen toe te passen in de toekomst, bijvoorbeeld tijdens

mijn opleiding tot radioloog. Hartelijk dank voor de fijne samenwerking!

Jeroen, ik heb je de afgelopen jaren leren kennen als een onderzoeker die ervan houdt om snelle
stappen te nemen en efficiént om te gaan met de tijd. Dat ligt mij natuurlijk wel. Voor nu zou
ik graag een moment stil willen staan om je te bedanken. Je commentaar op de manuscripten
drukte telkens weer een radiologische stempel op de neurologische stukken en dat maakte
het voor mij zo leuk. Verder wil ik je bedanken voor de aanmoedigingen en complimenten op
zijn tijd want het zorgt er oprecht voor dat een PhD-student zin heeft om door te gaan met het

volgende project!
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Stephan, hartelijk dank voor je enthousiasme en ijver gedurende de gehele looptijd van mijn
promotietraject. In de eerste week van mijn onderzoekstijd nam je me op sleeptouw en kruisten
we het UMC Utrecht door om handen te schudden met iedereen die potentieel belangrijk zou
kunnen zijn voor mijn onderzoek. Dit heeft ertoe geleid dat ik geheel gedesoriénteerd maar met
een vliegende start aan mijn onderzoek kon beginnen. Verder zou ik je graag alle succes willen

wensen met het begeleiden van de PhD’s die na mij zullen komen!

Martijn, tijdens mijn promotietraject was je absoluut laagdrempelig benaderbaar en kon ik je altijd
opzoeken voor een vraag of uitleg over MRI-fysica. Meerdere keren heb ik (geloof ik) dezelfde
vragen gesteld en elke keer probeerde je het op een andere manier uit te leggen met figuren en
filmpjes. Voor deze onderwijsmomenten en het geduld daaromtrent ben ik je erg dankbaar. De
samenwerking met iemand met een niet-medische achtergrond heeft mijn blik verder verruimd. Op

naar nog meer MRI-onderzoek in de toekomst!

Anouk en Theo, mijn overstap van de neurologie naar de radiologie heb ik grotendeels aan jullie te
danken. Voor jullie bereidwilligheid om te helpen bij het scoren van mijn scans ben ik zeer dankbaar
en de betogen over de radiologie heb ik in mijn oren geknoopt en hebben me absoluut over de streep
getrokken om uiteindelijk te solliciteren voor de opleiding. Anouk, ik kijk ernaar uit om samen te
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Leden van de beoordelingscommissie, prof. dr. N.M. Wulffraat, prof. dr. P.A. van Doorn, prof. dr.
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heeft vrijgemaakt om mijn proefschrift te lezen en te beoordelen.

Paranimfen, Jeroen en Ea, wie had ooit gedacht dat we hier samen zouden staan toen we in 2008
(13 jaar terug) over Herman en de zonnestralen stonden te zingen in de Gieter? Studeren begon
voor ons, samen met Thijs, Nadine en Lisette met biomedische wetenschappen aan de VU. Wat een
special stationsensations mooie mensen. Je moet het. Een proefschrift is toch wel echt het officiéle
einde van de studietijd en het lijkt me dan ook niet meer dan logisch om dit samen met jullie op 4

november 2021 te verdedigen.

Ramona en Diana, Seline, Niels, en de MRI-laboranten, bedankt voor jullie hulp bij de MRI-
planning, het protocol, de geinteresseerde vragen en de laagdrempelige praatjes tussendoor. Ik wil

ook de scanner op MR4 bedanken want die heeft mij eigenlijk nooit in de steek gelaten.

Christa, Fay-Lynn en Simone, met jullie helpende hand werd dit onderzoek in goede banen geleid.
Christa, ontzettend bedankt voor het versturen van alle brieven, ongeveer tweehonderd telefoontjes
naar patiénten en het geduld bij het inplannen van de MRI’s. Je was altijd welwillend als er weer
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werkzaamheden. Heel knap, het valt mij op dat je veel oog hebt voor het welzijn van de patiént en
dat is een waardevolle eigenschap. Fay-Lynn, voor iemand die de zaken liever vandaag regelt dan
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Bram), het leren uitspreken van immunoglobulins (Jeroen), gewoon er zijn (Louise, Janna, Loes en
Ingrid), fietsen naar Utrecht CS (Mark), het introduceren van een koelkast op het lab (Eva) en de

muziek op vrijdagmiddag (iedereen!).

Nens, als bachelor-student zie ik mezelf nog zitten in jullie tuin in Nijmegen-Oost pratend over een
“idee dat nog op de plank lag”. Ongemerkt was dit voor mij het begin van mijn tocht in ‘de wereld
van de beeldvorming’ en jij hebt me destijds jouw voortvarende manier van onderzoek doen geleerd.
Deze enorme efficiéntie heb ik nu zelf toegepast tijdens mijn promotietraject en dat werkte. Dat jij
aanwezig was bij mijn presentatie op mijn allereerste congres (Berlijn, 2019) maakte voor mij de
cirkel rond. Ik ben dankbaar dat jij, en ook Sigrid, aan het begin staan van mijn wetenschappelijke

carriere. Bedankt!

Lieve Eva en Marit, en lieve Anne en Edith, ik voel me gezegend met zulke vriendinnen als jullie.
Bedankt voor jullie oprechte interesse in mijn onderzoek de afgelopen jaren maar vooral voor de,

minstens zo belangrijke, ontspanning tussendoor tijdens bijvoorbeeld de vierdaagse en carnaval.

Lieve Jopke, Robbert-Jan, Jannick en Kayleigh, tot tweemaal toe heeft de Sint me de afgelopen
jaren een surprise gegeven die te maken had met MRI of DTI, dat zegt toch wat. Jullie zijn altijd
geinteresseerd geweest in mijn onderzoek en de vorderingen daaromheen. Bedankt daarvoor. Ik ben

blij met zo’n lieve schoonfamilie!
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Lieve opa, de afgelopen jaren vroeg je me altijd met aandacht hoe het onderzoek ervoor stond, en
vooral wanneer ik tussen de “geleerde heren” zou staan om te promoveren. Het was een van de
redenen waarom ik hard werkte, met de hoop dat de tijd ons niet zou inhalen en je erbij zou zijn.
Helaas hebben we er geen grip op, en kijk jij nu mee vanaf de andere kant. Ik kom je ooit nog wel

eens vertellen hoe het geweest is.

Lieve oma, het is een drukke tijd geweest, en nog steeds, en rust en ontspanning is dan belangrijk.
Gelukkig vind ik die altijd als ik bij jou ben, alleen of samen met Jonas. Bij jou in de tuin zitten
of even thee op de bank is voor mij al genoeg om daarna weer verder te kunnen werken. Bedankt

daarvoor.

Mijn lieve zussen, Brigitte en Anouk, samen hebben wij aan één woord (of letter), blik of beweging
genoeg om te begrijpen wat de ander bedoelt. Voor ons drie is het vanzelfsprekend, maar ik heb
geleerd dat het heel bijzonder is om zo’n sterke zussenband te hebben. Familie is er voor altijd, en
dat beseffen wij alledrie. Bedankt dat jullie, samen met Lennart en Lorenzo, in mijn leven zijn op
de momenten die er echt toe doen, en die ervoor zorgen dat ik uitgerust weer verder kon met dit
proefschrift, zoals bijvoorbeeld de etentjes bij papa en mama thuis en alle tijd die we samen al hebben

mogen doorbrengen aan de Kirchstrale, bij de Ascherhiitte en in de Hiihnerstall.

Lieve, lieve, lieve Juerd, jij bent mijn grote liefde. Jij bent er iedere dag voor mij en jij zorgt dat ik
elke dag met een lach opsta en met een lach weer ga slapen. Altijd blij, altijd positief. Samen met
die lieve kleine Jonas hebben wij het bijzonder goed en dat koester ik. Ik voel me gelukkig en sterk

met iemand als jij aan mijn zijde en daar ben ik je, vanuit het diepst van mijn hart, dankbaar voor.

Lieve papa en lieve mama, jullie zijn mijn rotsen in de branding en dat zijn jullie altijd al geweest.
Niets is te veel als ik, Brigitte en Anouk maar gelukkig zijn. Ik heb dan ook aan niemand zoveel te
danken als aan jullie. Bedankt voor jullie vertrouwen, jullie onvoorwaardelijke steun en liefde en
alle normen en waarden die jullie mij geleerd hebben. Het helpt me iedere dag. Het heeft er ook toe
geleid dat dit proefschrift geworden is zoals het geworden is, en het traject ernaar toe gelopen is
zoals het gelopen is. Aan niemand anders wil ik dit proefschrift dan ook opdragen. Alsjeblieft, dit

proefschrift is voor jullie!
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