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General introduction




Chapter 1

Cerebral Small Vessel Disease

Small Vessel Disease (SVD) can be defined as all pathological processes that affect
the small vessels in the brain, including the small arteries and arterioles, capillaries,
and small veins (7). SVD is a heterogeneous disease, with various pathological
features that can occurto the blood vessels. These features include microaneurysmes,
amyloid deposition, the loss of smooth muscle cells, vessel wall thickening and
lumen restriction (7). As a result of SVD pathology, brain tissue damage (either
hemorrhagic or ischemic) occurs to the cerebral white matter and the deep grey
matter (7, 2). SVD plays a crucial role in e.g. cognitive impairment and in stroke. SVD
is the most common vascular cause of dementia (3, 4), and approximately a quarter
of all ischemic strokes and a fifth of all strokes are linked to SVD (7, 4). However,
much remains unclear about SVD. It is for example not clear how the vessels
affected by SVD lead to brain tissue damage, or how this brain tissue damage leads
to SVD-related cognitive decline and dementia (2). This is mainly due to the lack of
tools to study SVD at the level of the small blood vessels, which is where the SVD
pathology occurs.

Imaging cerebral Small Vessel Disease

Anatomical magnetic resonance imaging (MRI) offers excellent soft-tissue contrast,
and allows for in vivo imaging of the damage to the brain tissue as a consequence
of SVD (2). The brain tissue damage observed with MRI includes recent small
subcortical infarcts, white matter hyperintensities, lacunes, perivascular spaces,
cerebral microbleeds, and brain atrophy (2, 5), as shown in Figure 1. MR imaging
of SVD can currently only be achieved by imaging this structural damage to
the brain tissue (2, 6), as the affected blood vessels are too small to allow for
direct (anatomical) imaging. However, the parenchymal pathology is merely a
consequence of SVD, and does not reflect the SVD pathology of the small blood
vessels itself. Also, the tissue damage occurs in a relatively late stage of SVD (7, 2, 6),
while it is very important to better understand the development of SVD in earlier
stages, in order to investigate the mechanisms linking the blood vessel pathology
to the parenchymal pathology.

Current in vivo imaging can only visualize the (irreversible) effect of SVD, ie. the
tissue damage, rather than the small blood vessel pathology. As a result, SVD is not
well understood and cannot be monitored in its earliest stage. This may be a major
cause for the fact that efforts to develop therapeutic strategies for SVD have not
yet been successful (7).
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Recent small White matter Lacune
subcortical infarct hyperintensities

Figure 1 Brain tissue damage
related to cerebral Small Vessel
Disease observed with MRI. A
recent small subcortical infarct
is shown in a diffusion weighted
image (DWI), white matter
hyperintensities and a lacune
are shown in a fluid attenuated
inversion recovery (FLAIR) image,
perivascular spaces are shown in
a T -weighted scan, and cerebral
microbleeds are shown in a T,*
weighted scan.

(This figure is reproduced with
permission from Wardlaw et al. (2))

Perivascular spaces Cerebral microbleeds

MRI is a highly versatile technique and can also be used to acquire functional
information that goes beyond structural imaging. Quantitative magnetic
resonance imaging could thus potentially serve as a tool to investigate SVD closer
to the level of the small vessels themselves. Three different angles can be chosen
to try to assess the earlier stages of SVD in vivo. First, the functioning of the small
blood vessels where SVD occurs can be assessed using perfusion measurements
or assessment of blood flow velocities and pulsatility (8, 9). Also, (local) brain tissue
motion induced by intracranial blood volume variations can be measured (70, 7).
Second, the brain tissue, where the secondary parenchymal pathology occurs as
a consequence of the original vascular pathology, can be assessed. For example,
the brain tissue structure can be assessed using diffusion weighted imaging (12).
Third, the brain fluids, i.e. the cerebrospinal fluid (CSF), perivascular spaces (PVS),
and the interstitial fluid, which are linked to both the blood vessels and the brain
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tissue, can be targeted by assessment of the brain fluids volume, production
rate, or composition. Since much research is already aimed at either (micro)
vascular function or microstructural tissue changes, this thesis will focus on the
development of methods to study brain fluids.

Role of perivascular spaces in Small Vessel Disease

Perivascular spaces (PVS) are cavities around the (small) brain penetrating blood
vessels, filled with a fluid with similar signal intensity as CSF on MRI images.
Perivascular spaces play an important physiological role: PVS can act as a conduit
for fluid transport and enable exchange between CSF and interstitial fluid (73),
and PVS are associated with brain clearance (713-16) and are therefore probably
necessary to maintain homeostasis in the brain (77). In young, healthy subjects the
largest perivascular spaces have a diameter of approximately 2-3 mm (2, 18). PVS
with such large diameters can also be observed in scans acquired at commonly
used field strengths, for example at 3T (2, 18). However, the sizes of PVS show a large
distribution with the majority having sub-millimeter diameters. Part of these small
PVS can be observed in high-resolution scans acquired at 7T (2, 18).

The presence of more and larger perivascular spaces has been linked to SVD
(73,18, 19), and to dysfunction of the blood brain barrier in SVD-related (lacunar)
stroke (20). PVS enlargement correlates with an increased risk for stroke, vascular
dementia, and cognitive impairment (73). Perivascular spaces may also play a role
in other diseases. For example, an asymmetrical PVS count between the left and
right hemispheres has been observed in epilepsy patients (27). Also, in multiple
sclerosis (MS) more and larger PVS were observed compared with healthy controls
(22, 23). In these patients the higher PVS count was associated with brain atrophy
rather than MS lesion load (22).

Role of brain fluids in Small Vessel Disease

Additionally to the perivascular spaces, also other brain fluid properties can vary in
disease, such as the levels of e.g. amyloid-{3 in the cerebrospinal fluid (CSF) (24-27).
CSF serves multiple purposes in the brain. For example, the CSF compensates for
intracranial blood volume variations over the cardiac cycle, following the Monro-
Kellie hypothesis (28), and provides hydromechanical protection of the brain (29).
Also, brain fluids have been hypothesized to be involved in the clearance of waste
from the brain (74). Furthermore, brain fluids play a role in the distribution of
specific vitamins, hormones, and ions to the brain tissue (27).



General Introduction

Supply of new CSF has been hypothesized to be of importance for maintaining
homeostasis in the brain (74, 27). The general consensus is that CSF is mainly
produced by the choroid plexus, and then secreted into the ventricles (27, 30,
37). Most of the choroid plexus is located at the lateral ventricles, but the choroid
plexusis also partly located at the fourth ventricle (32). CSF flows from the ventricles
through the cerebral aqueduct towards the subarachnoid space and the spine
(27). CSF is re-absorbed in the dural sinuses by arachnoid granulations (27). The
CSF production rate can be altered in disease. For example, it has been shown
that the CSF production rate is reduced in Alzheimer’s Disease (AD) (33), which
may be linked to morphological changes in the choroid plexus (34). This makes the
CSF production rate an interesting parameter for studying diseases such as SVD.
Quantitative measurements of the CSF flow through the cerebral aqueduct can
potentially serve as a measure for the CSF production rate in the lateral ventricles.

Impaired brain clearance has also been linked to disease. For example, CSF
clearance has been shown to be reduced in AD patients (35). This may also be
related to the altered solute concentration in brain fluids in disease, as is the case
in AD, where e.g. amyloid-f3 levels in CSF are decreased (24-27), which may reflect
reduced clearance of amyloid-f from the tissue. The composition of CSF is thus
potentially a valuable parameter to investigate SVD. Currently, the CSF composition
can only be assessed via a lumbar puncture, which is a highly invasive method. A
non-invasive method to assess the (intracranial) CSF composition would therefore
be very valuable.

Quantitative MRl measurements of perivascular spaces and brain
fluids

(Semi-)quantitative assessment of several brain fluid parameters, such as the
perivascular spaces (PVS), the CSF production rate, and (intracranial) CSF content,
may be achieved with MRI. Fluid has distinctive MRI relaxation parameters that
allow visualization of fluid with high contrast relative to the tissue, which is
illustrated in Figure 2. This high contrast enables visualization and detection of PVS
in MRl images (36). In literature the correlation between increased PVS count and
SVD and vascular cognitive impairment has been shown using such MRI images
(18, 37-39). In high-resolution scans acquired at 7T also more (smaller) PVS can be
detected compared with lower field strengths, and as a result the PVS count can
be determined more extensively. However, it is very labor intensive to determine
the PVS count in high-resolution scans, due to the large number of PVS in these
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Figure 2 T -weighted (A) and T -weighted (B) MRI images of the brain, acquired at 7T MRI. The images
were taken from a 63-year old woman. In the T -weighted image, the cerebrospinal fluid (CSF) and
perivascular spaces (PVS) appear dark, whereas the CSF and PVS appear white in the T,-weighted image.

scans (718). Furthermore, 7T MRI is not yet widely available. A method to determine
ameasure for the PVS countin T,-weighted scans that have been acquired at lower
field strengths, such as 3T, may be very beneficial for SVD research, as 3T MRl is
widely available.

Quantitative MRI could potentially also be used to estimate the CSF production
rate. MRl is highly sensitive to motion, and can be used to assess even Brownian
motion, but also small coherent motion. This motion sensitivity is widely utilized in
e.g. MRl phase contrast flow measurements in arteries. In late 1980's this technique
was already used to measure net motion of CSF through the cerebral aqueduct
as a measure for CSF production rate (40-42). In hydrocephalus patients the CSF
dynamics and production rate are quite widely studied with phase contrast MRI
(PC-MRI) (43-48). In these measurements it is generally assumed that the possibly
confounding effect of the respiratory cycle on the measurements averages out
due to the relatively long acquisition times (42). However, no conclusive evidence
is available yet to verify this assumption. The cerebral aqueduct is a small structure
and the net flow is very small with respect to the CSF pulsations, and therefore
precise measurements of the velocity profile are needed. This requires high
resolution and SNR for these measurements, whereas in literature mostly net CSF
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flows measured at lower field strengths are reported (46, 49-52).

Finally, T, differences have been observed between ventricular CSF and
subarachnoidal CSF using a dedicated CSF T, mapping sequence (53, 54). The CSF
T, mapping sequence could potentially be used as a quick measure for atrophy
from intracranial CSF volume estimation (54), and the T, differences may reflect
molecular concentration differences (53). However, the use of this CSF T, mapping
method as a measure for CSF composition differences has not been (thoroughly)
validated yet. Therefore, the influence of possible confounding factors, such as
partial volume and B - and B -inhomogeneities, is not yet known.

Goal and Outline of this thesis

The overall goal of this thesis is to explore quantitative MRI measurements of brain
fluid properties as a potential measure for studying diseases such as SVD. The first
two chapters focus on the PVS count in the brain. First, a method is presented
to automatically determine the PVS count in high-resolution scans acquired at 7T
(Chapter 2). This method also determines the length and tortuosity of all detected
PVS. It was also investigated if the PVS count can be determined from existing clinical
MRI scans acquired at 3T, to increase applicability in (large) clinical studies (Chapter 3).
Subsequently, the possibility to use net CSF flow measurements using high-
resolution PC-MRI at 7T as marker for the CSF production rate by the choroid plexus
was investigated, and the effect of respiration on the reproducibility of the PC-MR]
measurements was assessed (Chapter 4). Specifically, it was investigated whether
these measurements are confounded by respiration. Next, the possibility to use
quantitative T, mapping as a marker for CSF composition differences between
brain regions was explored (Chapter 5). Regional CSF T, differences have been
observed previously, and in this chapter the influence of possible confounding
factors (B, B, and partial volume) are investigated. In the final chapter the main
findings described in this thesis are discussed (Chapter 6).
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Abstract

Objective

Perivascular spaces (PVS) are believed to be involved in brain waste disposal. PVS
are associated with cerebral small vessel disease. At higher field strengths more PVS
can be observed, which is challenging for manual PVS assessment. The aim of this
work was therefore to develop a method to automatically detect and quantify PVS.

Methods

Amachine learning approach identified possible PVS in an automatically positioned
region-of-interest (ROI) in the centrum semiovale (CSO), based on signal intensities
in high-resolution T,-weighted TSE scans and vesselness values. Next, 3D PVS
tracking was performed in 50 subjects, and quantitative measures were extracted.
Maps of PVS density, length, and tortuosity were created. Manual PVS annotations
were available to train and validate the automatic method.

Results

Good correlation was found between the automatic and manual PVS: ICC (absolute/
consistency) is 0.64/0.75, and DSC is 0.61. For 20 subjects manual PVS annotations
of a second observer were available. Compared with the correlation between the
automatic and manual PVS, higher inter-observer ICC was observed (0.85/0.88), but
DSC was lower (0.49 in 4 subjects).

Conclusion

Our fully automatic method can detect PVS in a 2D slab in the CSO, and extract
quantitative PVS parameters by performing 3D tracking. This method enables
automated quantitative analysis of PVS in healthy and diseased subjects.
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Automatic quantification of perivascular spaces in T -weighted images at 7T MRI

Introduction

Perivascular spaces (PVS) are fluid-filled spaces around the brain-perforating blood
vessels (1), and are connected to the cerebrospinal fluid (CSF) in the subarachnoidal
space. PVS can be observed in MRI images, where they appear with a (visually)
similar signal intensity as CSF (7). PVS are believed to be involved in the clearance of
waste products from the brain (2, 3). Furthermore, the appearance of more and/or
larger perivascular spaces has been linked to aging (4-6) and is a feature of cerebral
Small Vessel Disease (SVD) (6-8). Therefore, perivascular spaces are highly relevant
when investigating the healthy and diseased brain.

Currently, PVS are mostly evaluated visually, using qualitative measures such as
a rating scale for PVS counts in brain regions like the basal ganglia (BG) and the
centrum semiovale (CSO) (9-117). The actual PVS count could offer a more precise
method to determine PVS load, as this results in a continuous scale rather than
an ordinal scale, thereby eliminating discretization and ceiling effects. However,
manual annotation is highly labor intensive, especially at higher field strengths
where high numbers of PVS are observed (12). Also, inter-rater differences remain,
since for example (very) small PVS can easily be confused with motion-artefacts
or noise. It is illustrative that in a recent 7T study on average more than 70 PVS
could be counted in a single slice from one hemisphere (12), making their
manual assessment very labor intensive. This limits further evaluation of PVS
in high resolution scans, regarding e.g. PVS asymmetry (73). Still, even if manual
PVS annotation would be feasible, it lacks additional quantitative information. An
automatic method would be easier to apply and eliminates inter-rater variability,
and could be used to acquire quantitative PVS measures, such as PVS length and
tortuosity.

In this work a method was developed to automatically detect and quantify
PVS in the centrum semiovale. Automatic PVS detection was performed in an
automatically determined region-of-interest (ROI) in the CSO. The method was
trained and validated with manual PVS annotations that were available in a single
slice in the CSO, in the right hemisphere (72). Tracking of all automatically detected
PVS resulted in PVS length and PVS tortuosity measurements in these subjects.

23
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Methods
Data

Scans of 50 subjects (19 male, mean age 62.9 years, age range 27 — 78 years) from two
earlier studies with identical 7T protocols were used. Scans of 30 participants of the
PREDICT-MR study (74), and scans of 20 participants of the second Utrecht Diabetic
Encephalopathy Study (UDES2) were available (75). PREDICT-MR and UDES2 were
approved by the medical ethics committee of the University Medical Center Utrecht
(UMCU), and all subjects gave written informed consent. The guidelines of the
Declaration of Helsinki of 1975 were followed. The PREDICT subjects were randomly
recruited in waiting rooms of general practices and had no cognitive impairment.
The UDES2 subjects were recruited through their general practitioners, and had no
cognitive impairment. Of the 20 UDES2 subjects included in this study, 8 subjects
had diabetes mellitus. The used data is described in detail by Bouvy et al. (12). Briefly,
for all subjects a 3D T -weighted TSE scan acquired at 7T was available, with 0.7 mm
isotropic resolution, reconstructed to 0.35 mm isotropic. TR/TE were 3158/301 ms.
Also, for all subjects a T -weighted TFE scan acquired at 7T was available, with 1
mm acquired isotropic resolution, reconstructed to 0.66x0.66x0.5 mm?. TR/TE were
4.8/2.2 ms. For all subjects PVS markers from an expert observer were available in the
centrum semiovale, in the right hemisphere (12) of a predefined slice. This slice was
located in the CSO, 1 cm above the most cranial slice where the lateral ventricles
were visible. For subjects of the UDES2 study also PVS markers of a second observer
were available.

Semi-automatic PVS detection and tracking

The T -weighted scans were used for segmentation of the white matter (WM) using
SPM12 (76). The WM mask was registered to the T -weighted scans using rigid
registration with elastix (77). To enhance all vessel-like structures, the T -weighted
scans were filtered with a vesselness filter. We used a multi-scale 3D vesselness
implementation as proposed by Sato et al. (18). Specifically, we computed 10
scales with uniform distributed sigma ranging from 030 - 1.00 mm (inclusive)
as implemented in MeVisLab (18-20). Subsequently, a plane was automatically
positioned in the CSO, parallel to the line connecting the genu and splenium of the
corpus callosum, perpendicular to the midsagittal plane,and 10 mm above the lateral
ventricles. The genu and splenium and the midsagittal plane were automatically
detected as described elsewhere (27-23). The CSO-plane was extended to a slab of
7 slices, and the CSO region-of interest (CSO-ROI) was defined as the WM in this slab.
Figure 1 shows an example of the automatically positioned CSO-plane for one subject.
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Figure 1 Automatically
determined  CSO  plane
(yellow) in one subject (T -
weighted TSE scan), in sagittal
(A) and coronal (B) view. The
CSO plane is located 1 cm
above the ventricles, and
is oriented parallel to the
line connecting the bottom
of the genu and splenium
of the corpus callosum,
and perpendicular to the
midsagittal plane.

For the automatic PVS detection, PVS probability maps were created based on
a binary kNN classifier (24) trained using the T, and T, signal intensities, and the
vesselness values. A leave-one-out approach was used: for each subject, the
classifier was trained on the data of all other subjects. The training data included all
manually annotated PVS points dilated by one voxel in all directions (resulting in a
3x3x3 window), and a random sample of 10% of all white matter voxels within the
slab as background class. Kwas set at 51 and the nearest neighbors were weighted
by the inverse of their distance. Local non-maximum suppression was applied
to create seedpoints and all locations having a PVS probability above 0.50 were
used in a bidirectional 3D tubular tracking algorithm (radius range: 0.15 - 0.70 mm;
search depth: 3 steps, 2 angles, pruning threshold of 5; and a termination threshold
of 10) (25). PVS tracking was performed within the WM in the entire CSO. The length
and other parameters of each PVS track were determined using the skeleton of

25



Chapter 2

each individually tracked PVS. The resulting PVS tracks shorter than 2 mm were
considered false positives and tracks longer than 50 mm were considered to be
physiologically unfeasible, and were therefore excluded. The source code for the
automatic PVS detection and tracking was made publicly available online.

For each subject the PVS count was determined. Furthermore, for each tracked PVS
the PVS length and tortuosity T (T =L/C, with L the PVS length, and C the shortest
distance between the begin- and endpoints of the PVS) were determined.

Validation metrics

To validate the automatic PVS detection method, the Intraclass Correlation
Coefficient (ICC) and the Dice Similarity Coefficient (DSC) metrics were used.
The data used in this work was acquired with 7T MRI, which results in a much
larger number of visible PVS compared with data acquired with e.g. 3T MRI. This
introduces a bias in the ICC, with higher ICC for a larger PVS count, as the ICC is
a data-dependent metric (26). The DSC takes also the PVS location into account,
additionally to the PVS count, and is therefore regarded as a more reliable metric.
However, the DSC value is generally (much) lower than the ICC value for rating
highly-frequent noisy objects (26).

To compare the performance of the automatic method with manual PVS counting,
PVS detection was performed in the exact same slice as manually selected by
Bouvy et al. (12), in the right hemisphere. The automatically tracked PVS and the
available manual PVS annotations in this slice were compared based on count and
location, using the ICC and the DSC. This was compared with the available inter-
observer ICC and DSC for the UDES2 data, between the first and second observer
(12). Furthermore, the ICC between the automatically detected PVS in the slice
used by the first observer and the automatically positioned plane was determined,
as a measure of the dependency of the PVS count on the chosen scan section.

Additional quantitative PVS features

The subject images were registered to the MNI-152 brain template (27, 28). The
registration method is described by Biesbroek et al. (29), and is also effective for
scans of older subjects. The resulting transformation was applied to the 3D tracked
PVS. The PVS density, length, and tortuosity distributions were plotted on top of
the MNI-152 brain template. PVS density is computed as the average number of
3D tracked PVS points (resulting from the tubular tracking algorithm) within a
2 mm radius around each voxel in the MNI-152 brain template. Each individual
transformed PVS skeleton in MNI-152 space was dilated by 2 mm, and its length
and tortuosity were averaged with all other PVS tracks of all subjects in that area.
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Results

Figure 2AB shows the T -weighted TSE image of one subject in the middle slice of
the CSO-slab, and the same image after vesselness filtering. Figure 2(D shows the
PVS probability map resulting from the kNN classifier, and the detected PVS relative

Figure 2 The automatically determined CSO plane from the 3D T, -weighted TSE volume (A), the
vesselness filtered scan (B), the PVS probability map (C), and the detected PVS relative to the T -weighted
TSE image (D). The PVS detection was performed by thresholding the probability map (threshold =
50%).
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to the original T -weighted TSE image. For the same subject the 3D tracked PVS are
shown relative to a maximum intensity projection (MIP) of a sagittal slab of the T-

weighted TSE scan (Figure 3).

Figure 3 Sagittal view of the
tracked PVS (green markers),
relative  to a maximum
intensity projection (MIP) of
a sagittal slab (thickness 4
slices) of the 3D T -weighted
TSE images of a subject.

Validation of automatic PVS detection

To assess the performance of the automatic PVS detection method, the correlation
between the number of automatically detected PVS and the number of manually
annotated PVS was determined for all 50 subjects. This was done in the exact
same slice that was used by the human observer, in the right hemisphere (the left
hemisphere was not taken into account by Bouvy et al. (12)). Figure 4 shows a scatter
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Figure 4 Scatterplot (A) and Bland-Altman plot (B) of the PVS count detected by the automatic method
and the PVS count annotated by the human observer, in the slice that was used by the human observer,
in the right hemisphere. Overall, the automatic method detected less PVS than the human observer.

plot and a Bland-Altman plot of the PVS counts detected by the automatic method
and the human observer. Overall, a smaller PVS count was found by the automatic
method compared with the human observer. This can be partially contributed
to the fact that the automatic method ignores the smallest PVS (length <2 mm).
The ICC (absolute/consistency) was 0.64/0.75, and the DSC was 0.61 between the
automatically detected PVS and the manually annotated PVS. In the scans of two
subjects artifacts were observed. Despite the artifacts, the method performed
relatively well, although the correlation with the visual observers was below
average for these two subjects.

To compare the performance of the automatic method with the performance of
manual PVS annotation, correlation of the manually annotated PVS with a second
human observer was determined. For 20 subjects manually annotated PVS of the
second observer were available (72). Inter-observer ICC (absolute/consistency)
between the original observer and the second observer was 0.85/0.88. However,
DSC could not be determined in 16/20 subjects, as different slices were selected
by both observers: on average, the distance between the slices was 1.33+0.98 mm
(range:0.34-4.17 mm).In four subjects both observers actually annotated the same
slice. In these four subjects, the DSC was 0.49 (range 0.32 — 0.73) for the manual PVS
annotations between the first and second observer. In these same four subjects,
higher DSC was found for the automatic method, compared with both human
observers: between the automatically detected PVS and the manually annotated
PVS by the first/second observer for these four subjects, DSC was 0.64/0.62 (range
0.59-0.75/0.55-0.73).
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Finally, as a measure for the dependency of the PVS count on the chosen scan
section, the number of automatically detected PVS was compared between the
slice that was used by the human observer and the automatically positioned plane.
This resulted in ICC (absolute/consistency) of 0.74/0.74.

Additional quantitative PVS features

Figure 5 shows the average distribution of PVS density relative to the MNI-152 atlas.
In both hemispheres two foci of high PVS density can be observed, anterior and
posterior in the CSO-slab. Figure 6 shows the average distribution of PVS length
in MNI space; the color indicates the PVS length, and the transparency indicates
the number of subjects. Longer PVS can be observed posterior in the CSO, and
shorter PVS can be observed anterior in the CSO. Anterior in the CSO, higher PVS
lengths are plotted in the most caudal slices compared with more cranial slices:
only the longest PVS that were detected in the CSO-ROI, are located in the most
caudal slices, whereas more cranially also the shorter PVS are found. Figure 7 shows
the average distribution of the PVS tortuosity relative to the MNI atlas; the color
indicates the PVS tortuosity, and transparency indicates the number of subjects.
Higher PVS tortuosity can be observed in the center of the CSO, and smallest PVS
tortuosity can be observed at the periphery of the CSO. Figure 8 shows the average
and 95% confidence interval (95% Cl) distributions of the PVS length and tortuosity,
for the tracked PVS of all subjects.
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Figure 8 The PVS length (A) and tortuosity distribution (B) for the tracked PVS of all subjects. The line
represents the average distribution, the transparent band represents the 95% confidence interval.
Median PVS length is 12.1 mm (range: 2 — 48 mm), the median of PVS tortuosity is 1.05 (range: 1.00 —
1.54).

Discussion

In this work a method was developed to automatically detect and quantify PVS in
the centrum semiovale. 3D T,-weighted TSE images acquired at 7T were used as
input for the method. The method yields PVS measurements in an automatically
detected ROl in the CSO, including count, length, and tortuosity.

The main strength of this fully-automatic method is that it is deterministic,
meaning that rerunning the method yields exactly the same results. This increases
the repeatability and reproducibility compared with manual PVS assessment. Also,
the vesselness filter that was used in this method is independent of possible signal
inhomogeneities. Therefore, possible variations in signal intensities (@and thus SNR)
between regions only have a limited effect on the performance of the method.

Furthermore, additionally to the PVS count, quantitative parameters (length
and tortuosity) could be acquired for each PVS by performing 3D tracking of
the detected PVS. Also, the large dataset enabled mapping of the quantitative
parameters (PVS density, length, and tortuosity) to MNI space.

Finally, a large dataset of high-resolution scans acquired at 7T of 50 subjects with
manually annotated PVS was available for this work. This dataset enabled good
validation of the automatic PVS detection method.
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Our results support the hypothesis that automatic PVS detection is less sensitive
to noise and/or motion compared with manual PVS annotation. Our automatic
method detects the larger, well-visible PVS and ignores the smallest PVS close to
the noise-level, by taking the signal intensity into account along with the vesselness
value, and by applying a length restriction on the detected and tracked PVS (PVS
must be at least 2 mm in length). These conditions decreased the sensitivity for
noise and/or motion in the scan, and therefore resulted in a lower automatically
detected PVS count compared with the manual annotated PVS. Also, the manual
annotations, that were available from a previous study (72), included as many
PVS as possible, including the smallest PVS. As a result, the automatic method
systematically detected a smaller number of PVS compared with the original manual
segmentation (Figure 4). This is also likely to contribute to the lower absolute versus
consistency ICC between the automatically detected PVS count and the manually
annotated PVS. On the other hand, in the four subjects where inter-observer DSC
could be determined, DSC was higher for the automatic method compared with
the human observers.

The performance of the automatic PVS detection method is on par with what
can be expected for this specific task, i.e. counting highly-frequent and inherently
noisy objects in 7T images. Only a fraction of all PVS is sufficiently large to be
distinguishable above the noise level (6, 12). This yields an inherently ill-defined
difference between detectable and non-detectable PVS. Visual (and automatic)
PVSrating is still possible, but a consistent method to annotate the PVSis necessary.
Individual human observers have different intrinsic cut-offs for annotating
an object as PVS or ignoring it as noise. Training of observers can decrease the
difference between these intrinsic cut-offs, but inter-observer differences remain.
Paradoxically, these inter-observer differences are amplified in 7T scans, due to the
significantly higher visibility of PVS on 7T MRl compared with 1.5T or 3T. If fewer and
larger PVS are visible (e.g. on 3T MR images), the likelihood that both observers will
identify the same objects is higher. On 7T MRl images, much more and smaller PVS
(and PVS-like objects) are visible, which decreases the inter-observer agreement.
This is not related to the performance of the observers (human or machine), but
can be fully attributed to the increased difficulty of rating 7T MR images. This was
demonstrated earlier for rating cerebral microbleeds by Kuijf et al. (26): in this work
it was shown that the difference between the ICC and DSC increases for increasing
object counts.
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Our human observers had an inter-observer ICC of 0.85/0.88 for the PVS count,
which can be qualified as “good”. However, when considering the overlap between
the annotations, the DSC is only 0.49. Thus, the human observers agreed on the
PVS count, but did not necessarily identify the same PVS. This demonstrates the
difficulty in rating highly-frequent noisy objects on 7T MR images: it is hard to
consistently identify the same object in an image. The DSC between the automatic
method and the human observers was larger than the inter-observer DSC. This
illustrates that the agreement between the method and either observer is larger
than the inter-observer agreement.

Recently, several automatic methods for (semi-)Jautomatic PVS segmentation have
been proposed by different groups currently working on automatic PVS detection
(30-36). For the automatic PVS detection and tracking method that was proposed
in this work a low-resolution T -weighted scan (to determine the WM mask) and a
high-resolution T,-weighted TSE scan (for PVS segmentation) were used as input,
with a total scan time of approximately 12 minutes. This scan time is relatively short
compared with other automatic PVS detection methods. For example, Park et al.
(37) used two high-resolution (T,- and T -weighted) scans acquired at 7T, with a
total scan time of approximately 22 minutes.

Our automatic PVS detection method resulted in similar or higher correlation with
human observers, compared with other automatic detection methods. Boespflug
etal. (33) used a PVS detection method based on signal intensities in T, -weighted,
fluid-attenuated inversion recovery,Tz—vveighted, and proton density data (acquired
at 3T), and filtered the detected PVS based on multiple morphological features
(width, volume, and linearity). In contrast, in our method included a morphological
feature (vesselness) inthe detection step, thereby eliminating the need for extensive
filtering after PVS detection. Boespflug et al. tested their method in a dataset of 14
subjects (age ranging between 70 — 101 years), and achieved correlation R of 0.54
- 0.69, relative to three raters. In our study R was 0.76 compared with the manually
annotated PVS. Park et al. used a learning-approach method for PVS detection, and
Lian et al. (32) used a fully convolutional neural network approach. Both methods
used extensive image filtering: Park et al. used randomized 3D Haar features, and
Lian et al. incorporated enhancement of the used MRI images using a non-local
Haar-transform-based method, which was introduced by Hou et al. (37). In contrast,
in our work a more simple method based on vesselness value and signal intensity
was used. Both Park et al. and Lian et al. compared their automatic methods with
a ground truth that was determined semi-automatically, in subsets of 11 and 14
subjects, respectively. Both methods resulted in relatively high correlation relative
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to the ground truth, with DSC slightly above 0.7. This is higher than the DSC of
0.61 found in our work, which was derived from a dataset of 50 subjects. However,
in our work the automatic method was compared with manually annotated PVS,
including very small PVS, which were excluded from the ground truths used
by Park et al. and Lian et al.. Also, Park et al. used young, healthy volunteers (age
ranging between 25 - 37 years) and detected on average 298 PVS in the whole
brain, whereas in this study also elderly subjects were included with higher PVS
density (on average 106 PVS were detected in only one slice). Furthermore, the
scans used in our work occasionally showed motion, which potentially decreased
the overall correlation with the manually counted PVS.

In work by Hou et al (37) 7T MRI scans were enhanced using a method based
on the Haar transform, which increased the distinguishability of PVS. Hou et al.
showed that PVS detection by thresholding the scans after vesselness filtering was
significantly improved by using the enhanced and denoised scans. In our work
a combination of the vesselness filter with signal intensities in the T -weighted
scan was used for PVS detection. Incorporating Hou's scan enhancement in our
automatic method may offer possibilities to further improve both detection and
tracking of PVS. However, in our method only larger PVS were included (PVS shorter
than 2 mm are excluded), and therefore the scan enhancement by Hou et al. is
expected to offer only minor improvements for our PVS detection method.

The method presented in this work was developed for PVS detection in a 2D slab,
similar to commonly used visual rating scales (9-11), which enabled thorough
validation using the manually annotated PVS. This is contrary to several other
published (semi-)automatic methods (30-35) where PVS segmentation is
performed in the entire brain or within certain brain regions (centrum semiovale
and basal ganglia). The comparison between the PVS count in the automatically
determined CSO-ROI in this work and the slice used by the first observer in Bouvy
et al.,, resulted in ICC of 0.74. This is in line with literature, where lower correlation
was found between observers when different slices were used (35), and relatively
low correlation was observed between PVS count in a single slice and in the
whole brain (30). Automatic slice selection, as was performed in our method, can
reduce PVS count variation induced by the selected slice. However, whole-brain
PVS segmentation or PVS segmentation for 3D brain regions may offer the most
reliable PVS count. Therefore we aim to extend our method to a full 3D assessment
in future work.
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The spatial differences in PVS density, length, and tortuosity observed in this work
may be related to the relatively high age of subjects in this study. Contrary to our
results, Park et al. (37), found similar PVS lengths in the parietal-occipital lobe and the
frontal lobe, and slightly shorter PVS in the temporal lobe, in younger subjects (25 —
37 years). Also, Park et al. found shorter PVS, up to 18 mm, compared with the PVS
lengths acquired in our work. This may suggest that, in aging subjects, PVS posterior
in the CSO increase in length before PVS in other regions of the CSO. It would be
very interesting to further investigate such regional differences in PVS properties in
relation to age and between different diseases. Furthermore, Feldman et al. (13) have
recently found asymmetry in PVS count in epilepsy patients; possibly also asymmetry
in PVS length and/or tortuosity can be found in diseases such as epilepsy.

In contrast to Park et al. (37), Boespflug et al. (33), Ramirez et al. (30), and Cai et al.
(34), PVS diameter and volume were not determined in this work, which could be
regarded as a limitation. However, the measured PVS diameter can be expected to
depend strongly on the acquired resolution. Moreover, reliable diameter estimates
require more than a single voxel within the PVS, limiting measurements to only the
largest diameters >1 mm (38). Due to the small PVS diameter (normally less than
2 mm in healthy subjects) relative to the acquired isotropic resolution of 0.7 mm,
estimates of PVS diameter and volume will certainly suffer from considerable errors
and partial volume effects.

The main limitation of this work is that the method is currently not able to perform
3D detection. However, using a 2D slab enabled good validation with manual PVS
assessment. In future work our automatic PVS detection method can be extended to
a full-brain PVS detection method.

Also, manual PVS markers were used to train the method. These markers included the
very small PVS, which may not be reproducible, and is expected to increase the risk
of selecting false positives. To minimize the number of false positive detected PVS, a
minimum PVS length of 2 mm after tracking was used, but false positive detected
PVS cannot be prevented entirely.

Furthermore, occasionally a (long) in-plane perivascular space was detected more
than once. Tracking of these detected points can result in multiple short PVS,
rather than one long PVS track, thereby resulting in underestimated (average) PVS
length. In the slices used for PVS detection in this work (almost) all PVS were almost
perpendicular to the plane. Therefore the effect of in-plane PVS was very limited.
Merging of the identified PVS pixels may resolve this issue for extending our method
to whole-brain PVS detection.
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Finally, despite the high resolution of the scans used in this work, many small
PVS cannot be detected due to their small size. Therefore, quantitative PVS
measurements could only be performed for larger PVS. As PVS diameters range
down to the micrometer scale (39), this will remain a challenge for all PVS detection
methods that are based on anatomical images.

Conclusion

In this work we present a fully automatic method to detect PVS in a 2D slab in the
CSO, and to extract quantitative PVS parameters by performing 3D tracking of the
detected PVS. Our method shows good correlation with manual PVS assessment
and has the potential to quantitatively study PVS characteristics such as density,
length and tortuosity in aging and disease.
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Abstract

Objective

At 7T MRI many more perivascular spaces are observed compared to 3T MRI, but
7T MRl is not yet widely available. The perivascular spaces count in low-resolution
3T scans was hypothesized to be a poor predictor for the perivascular spaces count
in high-resolution 7T scans. Therefore, the feasibility of using texture features in
the 3T scans as predictor for the high-resolution perivascular spaces count was
explored. Furthermore, texture features in 3T scans were hypothesized to show
better correlation with the perivascular spaces count in 7T scans than with the
countin 3T scans.

Methods

Perivascular spaces were annotated automatically in a plane in the centrum
semiovale in T -weighted 7T scans (resolution: 0.7x0.7x0.7 mm?). T -weighted
3T scans (resolution: 1x1x3 mm?) were used for manual perivascular spaces
annotation in a single slice, and to determine texture features based on the co-
occurrence matrix. Correlation between the low- and high-resolution counts was
assessed using the Intraclass Correlation Coefficient; correlation between the high-
resolution perivascular spaces count and the texture features was assessed using a
least absolute shrinkage and selection operator regression analysis.

Results

The perivascular spaces count was 19+8 (mean + standard deviation) at 3T,
and 111440 at 7T. Intraclass Correlation Coefficient between the low- and
high-resolution counts was 0.14. The regression analysis showed no significant
correlation between the texture features and perivascular spaces counts, neither
on 3T nor 7T.

Conclusion

No correlations were found between the perivascular spaces counts at 3T and 7T,
and between the perivascular spaces counts and the texture features in the low-
resolution scans. Thus, currently the perivascular spaces count in high-resolution
scans acquired at 7T MRI cannot be estimated using 3T scans.
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Introduction

Perivascular spaces (PVS), or Virchow-Robin spaces, are fluid-filled spaces around
the brain penetrating blood vessels (7), and are connected to the CSF in the
subarachnoid space. The perivascular spaces play an important physiological
role: they probably enable exchange between CSF and interstitial fluid (2), and
are associated with brain clearance (2-5). Therefore, PVS are likely necessary for
maintaining homeostasis in the brain (6). There is a wide range of PVS sizes, with
the majority of the PVS having sub-millimeter diameters (7). The largest perivascular
spaces in young, healthy subjects have a diameter of approximately 2 -3 mm (7, 8).
The appearance of more and/or larger perivascular spaces is a feature of cerebral
Small Vessel Disease (SVD) (7, 9, 10), and an asymmetrical PVS count between the
two brain hemispheres has been linked with epilepsy (77). PVS are thus a highly
relevant metric for investigating the healthy and diseased brain.

PVS can be observed in MR images, where they appear with a (visually) similar
signal intensity as CSF (7). In clinical 3T MRI scans generally only the largest PVS can
be observed. The PVS load can be assessed more extensively in high-resolution
scans acquired using 7T MR, as also smaller PVS are visible in these scans. The PVS
count in these high-resolution scans correlates with SVD features and not with age
(8), contrary to the PVS count in low-resolution scans (712-14). This suggests that the
PVS count in high-resolution scans is more (clinically) relevant than the PVS count
in low-resolution scans. However, 7T MR is not (yet) widely available. As a result, in
most large-scale (clinical) studies it is not feasible to obtain a good measure of the
PVS countin high-resolution scans. Thus, a more complete measure of the PVS load
using lower-resolution scans acquired at a lower field strength, such as 3T, would
be very relevant.

The PVS countin 7T images is expected to be more representative for the total PVS
load than the PVS count in 3T images, and the PVS count in 3T images may not be
suitable as a predictor for the PVS count in 7T images. On the other hand, image
texture features have the potential to reveal differences between healthy and
diseased subjects. For example, De Bresser et al. (15) found a larger number of non-
punctuate white matter hyperintensities (WMH) in diabetes patients compared
with healthy controls, and differences in the WMH shape, using shape features of
the WMH. Furthermore, Wibmer et al. (16) showed that cancerous prostate tissue
can be distinguished from non-cancerous tissue using Haralick texture features.
Due to the higher signal intensity of PVS compared to the brain tissue in MRI
images, sub-voxel PVS can subtly alter the signal intensity in a voxel. As a result, the
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signal intensity distribution in the white matter can be more irregular in subjects
with a larger PVS count when compared to subjects with a smaller PVS count. Since
we expect that the PVS count in 7T images is most representative for the total PVS
load, we hypothesized that the PVS count in 7T images shows better correlation
with texture measures in 3T images than with the PVS count in 3T images.

Methods

Data

Scans of participants from the second Utrecht Diabetic Encephalopathy Study
(UDES2) were available for this study (77). UDES2 was approved by the medical
ethics committee of the University Medical Center Utrecht, and all subjects gave
written informed consent. The guidelines of the Declaration of Helsinki of 1975
were followed. The inclusion protocol is described in detail elsewhere (8, 17). Briefly,
in the UDES2 study both patients with diabetes mellitus and healthy controls were
included. The subjects had no cognitive impairment. For all subjects both a 3T and
a 7T dataset were available.

The inclusion criterion for UDES2 subjects in this study was the availability of a
T -weighted TSE scan in the 7T dataset. This resulted in the inclusion of 32 UDES2
subjects in this study (14 male, 14 diabetic, mean age 69.7 years (range 65.4 — 76.8)).
From the 3T dataset a 3D T -weighted scan was available, with 1 mm isotropic
resolution, and TR/TE 7.9/4.5 ms. Also, a T -weighted TSE scan acquired at 3T was
available, with 0.96x0.96x3 mm? resolution, and TR/TE were 3000/101 ms. The 7T
3D T -weighted TSE scan had 0.7 mm isotropic resolution, reconstructed to 0.35
mm isotropic, and a TR/TE of 3158/301 ms. Also, for all subjects a T -weighted
TFE scan acquired at 7T was available, with 1 mm acquired isotropic resolution,
reconstructed to 0.66x0.66x0.5 mm?, and TR/TE of 4.8/2.2 ms.

After visual inspection of the scans, 4 subjects were excluded due to poor (7T)
scan quality caused by motion. Of the 4 excluded subjects, 1 subject had diabetes
mellitus. Therefore, the data of 28 subjects (12 male, 13 diabetic, mean age 69.6
years (range 65.4 — 76.8)) was used in this work.

PVS annotation

The high-resolution 7T scans were used for the automatic PVS detection. The
automatic PVS detection was performed using an in-house developed method
that was designed specifically for PVS detection in high-resolution scans (Chapter
2 (18)). This method showed good correlation with PVS annotation by human
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observers, with Dice Similarity Coefficient (DSC) of 0.61. In short, the PVS detection
method consists of nine steps. 1) Segmentation of the white matter was performed
in the T -weighted scans, using SPM12 (79). 2) The T -weighted scans were
registered to the T -weighted scans with rigid registration, using elastix (20). The
obtained registration field was then used to register the white matter (WM) mask
to the T -weighted scans. 3) All vessel-like structures in the T -weighted scans, thus
including the PVS, were enhanced by vesselness filtering the scan with a multi-
scale 3D vesselness filter. A multi-scale 3D vesselness implementation as proposed
by Sato et al. and implemented in MeVisLab was used (27-23). 4) A slab of 7 slices
was automatically positioned in the centrum semiovale (CSO), parallel to the line
connecting the genu and splenium of the corpus callosum, perpendicular to the
midsagittal plane, and 10 mm above the lateral ventricles, as shown in Figure 1. 5)
The CSO region-of-interest (ROI) was defined as the WM within this slab. 6) The T -
andT -weighted signal intensities and the vesselness values for all voxels within the
CSO-ROI were used to determine a PVS-probability map. 7) PVS seedpoints were
obtained by thresholding this probability map. 8) The PVS were tracked using bi-
directional tubular tracking, with the PVS seedpoints as starting point. 9) The PVS
count was determined as all PVS tracks with a length between 2 — 50 mm.

Figure 1 High-resolution T -weighted TSE scans acquired at 7T and the automatically annotated PVS
(green), for subject 1 with a low PVS count of 73 PVS (A) and for subject 2 with a high PVS count of 178
PVS (B). The automatically determined CSO planes are represented by the yellow line (C; top: subject 1;
bottom: subject 2).
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The low-resolution scans acquired at 3T were used for manual PVS annotation by a
human observer in a single slice. The first slice above the lateral ventricles was used,
as shown in Figure 2.

Figure 2 Low-resolution T,-weighted TSE scans acquired at 3T and the manually annotated PVS (green)
for subject 1 (A) and for subject 2 (B). The selected slices are represented by the yellow line (G top:
subject 1; bottom: subject 2). In the 3T scans the PVS counts were 31 and 33 for subjects 1 and 2,
respectively. In the 7T scans the PVS counts were 73 and 178 for subjects 1 and 2, respectively.

Texture features

The texture features were determined in the T -weighted scans acquired at 3T.
Segmentation of the white matter was performed in the T -weighted scans, using
SPM12 (79). The T -weighted scans were registered to the T -weighted scans with
rigid registration, using elastix (20). The obtained registration field was then used to
register the WM mask to the T -weighted scans. Manual segmentations of all white
matter lesions were available from previous work (24), and were removed from the
WM mask. Subsequently, the WM mask was eroded to prevent leaking of texture
information outside the masked region.

To determine the texture features, texture filters were applied to the WM in the T,-
weighted scans, using a two-dimensional 5x5 kernel. The used texture features are
based on the co-occurrence matrix, as introduced by Haralick (25), and are widely
used inimage analysis and radiomics (76, 26). Thirteen features can be derived from
the co-occurrence matrix. The texture feature values were determined for all voxels
within the WM mask.

48



Assessing the perivascular spaces count using texture features in 3T MRI scans: a feasibility study

Statistical analysis

The primary goals of this study were to explore if the PVS count in the low-
resolution scans (3T) is associated with the PVS count in the high-resolution scans
(7T),and to explore if the texture features in the low-resolution scans are associated
with the PVS count in the low- and high-resolution scans. To assess the correlation
between the low- and high-resolution PVS count the consistency Intraclass
Correlation Coefficient (ICC) was determined, and a scatter plot of the low- and
high-resolution PVS counts was made. To assess the associations between the
texture features and the low- and high-resolution PVS counts, a least absolute
shrinkage and selection operator (LASSO) regression analysis (27) was performed.
To compare texture features with the low-resolution PVS count, the texture
features were determined in the same slice that was used for PVS annotation. To
compare texture features with the high-resolution PVS count, the texture features
were determined over the whole brain, since the plane used for PVS annotation in
the 7T scans has a different orientation than the slice orientation of the 3T scans.
LASSO analyses were performed for three types of texture feature sets within the
WM mask: 1) the average and standard deviations of the texture features, 2) the
percentiles of texture features, and 3) the average of the values below and above
a given percentile of the texture features. The percentiles were chosen between
10 and 90 in increments of 10. Since it is not a-priori known whether a low or high
feature is informative, percentile features were paired according to their relative
location on a distribution. Thus, the features of the 10" percentile were added to
the 90" percentile, features of the 20™ percentile to those of the 80" percentile,
and so on. The LASSO analysis was then performed for each percentile pair, thus
the correlation between the high-resolution PVS count and e.g. the 10"/90"
percentiles was determined. Therefore, eleven feature sets were analyzed (one of
type 1, five of types 2 and 3).

Several steps were performed to prevent overfitting. First, a dimensionality
reduction was performed:, features underwent a principal component analysis
with varimax rotation after normalization to a zero mean with a standard deviation
of one. The number of selected components was chosen to cumulatively explain
99% of the variance of the original features. Second, the LASSO regularization
parameter A was selected using tenfold cross validation: A was selected using the
‘one standard error rule’ (28).

For all statistical tests a two-tailed p-value <0.05 was considered significant.
Statistical analysis of the PVS counts was performed using IBM SPSS Statistics
(version 24). Statistical analysis of the texture features was performed using R 3.5.1
(R Foundation for Statistical Computing, Vienna, Austria).

49



Chapter 3

Results

PVS detection and texture features

The automatically determined PVS count in the high-resolution 7T MRI scans was
111440 (mean + standard deviation (SD)). In Figure 1 the T -weighted TSE scans
acquired at 7T of a subject with a low PVS count of 73 PVS, and for a subject with a
high PVS count of 178 PVS are shown.

The manually determined PVS count in the low-resolution 3T MRI scans was 1948
(mean+SD). In Figure 2 the low-resolution T,-weighted TSE scans acquired at 3T are
shown for the same subjects. In these low-resolution scans, the large difference in
PVS count that was obtained using the high-resolution scans is not observed and
the PVS counts were quite similar: 31 and 33 PVS, respectively. However, the WM
structure visually seems slightly more irregular for the subject with the highest PVS
count.

In Figure 3 the resulting texture-filtered images are shown for three texture filters, i.e.
the difference entropy, the measure of correlation_1, and the sum entropy filters.
The difference entropy and the sum entropy filtered images appear to be higher
for the subject with the lowest PVS count, while they appear to be lower for the
measure of correlation_1 filter. However, these visual inter-subject differences were
not obvious for all subjects and texture-filters.

Associations between PVS counts and texture features

Figure 4 shows the scatter plot of the high- and low-resolution PVS counts at 7T and
3T. The correlation between these PVS counts was poor, with ICC of 0.13 and R? of
0.032.

Results of the LASSO analysis are shown for the mean and standard deviation texture
feature set. The principal component analysis shows that 99% of the variance is
captured by the first eight components. Loadings of the rotated components are
shown in Figure 5, and indicate the fraction of variance in the original variables that
is explained by each component. Using the ‘one standard error rule; the LASSO
did not select rotated components with respect to the low- and high-resolution
PVS counts from any of the feature sets. The cross-validated LASSO shows that
at the optimum A value — and thus, also at the one standard error A value — no
components are selected (Figure 6).
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Figure 3 Structure filtered scans for subject 1, with a low PVS count of 73 PVS in the high-resolution
scan acquired at 7T (A-B-C) and for subject 2 with a high PVS count of 178 PVS in the high-resolution
scan acquired at 7T (D-E-F). The structure filtered images are shown for the difference entropy (A, D),
the measures of correlation_1 (B, E), and the sum entropy filters (C, F). Image pairs are scaled equally to
allow direct comparison.

High-resolution PVS count

2001

150t

100 ¢
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Figure 4 scatter plot of the high-
and low-resolution PVS counts.
Correlation  between the PVS
counts was poor (ICC =0.13, R? =
0.032).
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Discussion

Inthis work it was investigated if the PVS count obtained in high-resolution scans can
be estimated using the PVS count or white matter texture features of scans acquired
with a commonly used clinical protocol with low resolution. We hypothesized that
the correlation between PVS counts in low- and high-resolution scans is poor, and
that texture measures in low-resolution MRI scans can better predict the PVS count
in high-resolution scans than the PVS count in the low-resolution scans. The PVS
count obtained in high-resolution scans was determined automatically in 3D T -
weighted TSE images acquired at 7T.The PVS count in the low-resolution scans was
determined manually by a human observer. Poor correlation was found between
the PVS counts in the low-and high-resolution scans. Texture features based on the
co-occurrence matrix were determined using T -weighted TSE images acquired at
3T. LASSO analysis did not result in a significant correlation between the texture
features and PVS count in low- and high-resolution scans.

The method for automatic PVS detection in the high-resolution scans is a
deterministic method. Thus, in contrast to visual PVS annotation, the exact same
results are obtained when re-running the PVS detection method. Since this method
is not verified for PVS detection in low-resolution scans, manual PVS annotation was
performed in the 3T scans. As the PVS count is much lower in the low-resolution 3T
scans compared with the high-resolution 7T scans, manual PVS annotation is less
labor-intensive and less prone to errors.

The main advantages of 7T MRI are the high signal-to-noise ratio (SNR) and
contrast-to-noise ratio (CNR). These allow for high-resolution scanning and the
acquisition of images with high anatomical detail. As a result, 7T MRI enables the
acquisition of information that cannot be achieved using lower field strengths. This
leads to the observation of approximately a fivefold more PVS in 7T MRl images
compared with 3T MRI. The correlation between the low- and high-resolution PVS
counts was poor. Only the largest PVS are visible in 3T scans, whereas many PVS
have a diameter below the mm-scale (7) and are thus smaller than the voxel size
in the low-resolution 3T scans. Furthermore, PVS visibility in low-resolution scans
depends strongly on the used resolution and scan sequence (7). As a result, the
value of the PVS count in low-resolution scans is questionable. It may be illustrative
that correlations between the PVS count in 3T scans and age vary between studies
(12-14).Furthermore, at 7T the PVS count was found to correlate with SVD measures
but not with age (8), and asymmetrical PVS counts between both hemispheres
were found in epilepsy patients (77). The larger PVS count that can be detected at
7T is therefore likely a very valuable parameter.
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In this work a LASSO regression analysis was used to determine the correlation
between the low- and high-resolution PVS counts and the texture features in
the low-resolution scans. This method is insensitive to non-normality of the data,
and is therefore a very stable method. As hypothesized, no significant correlation
was found between the texture features and the low-resolution PVS count. This
suggests that the WM texture is not majorly influenced by the large PVS present in
the scan. Contrary to our expectation, there was no significant correlation between
the texture features in the low-resolution scans and the high-resolution PVS count.
Thus, it seems that PVS that are visible in the 7T scans do not significantly affect the
WM texture in the 3T scans. This may be related to the small size of most PVS, as
the signal intensity in a voxel containing a small, sub-voxel PVS is only minimally
increased compared to voxels containing only WM. It is currently not clear what
structures further influence the WM texture features. The WM texture may for
example also be affected by other (sub-voxel) structures, such as veins (29), or
subtle WM lesions that were not visible in the low-resolution 3T scans.

Although itis difficult, it is possible to translate metrics to lower field strengths after
successfully achieving this at a high-field strength. This was for example shown for
the semi-automatic detection of cerebral microbleeds at 7T and at 3T by Kuijf et al.
(30, 37). However, in this work no comparison was made between the microbleed
counts at 3T and 7T. The reliability of (manual) microbleed rating has been shown
to be better at a high field strength (7T) compared to a low field strength (1.5T)
(32), but also from this work it is not clear if the microbleed count at lower field
strengths correlates with the microbleed count at higher field strengths. Also
manual annotation of microinfarcts has been translated from 7T to 3T (33, 34). Most
microinfarcts that were detected at 3T were also annotated in the 7T scans, but
it was not reported if there is a correlation between the 3T and 7T microinfarct
counts. The main difference between the detection of cortical microinfarcts and
PVS at 3T MRI is the scan resolution. For the detection of micro-infarcts 3T images
were used with a voxel size of T mm isotropic, which is approximately double the
voxel size that was used at 7T (0.8 mm isotropic). In this work commonly used
clinical T -weighted images were used with voxel size 1x1x3 mm?, which is almost
ten times the voxel size that was used at 7T (0.7 mm isotropic).

Currently, the PVS counts determined using high-resolution scans acquired at
7T MRI cannot be estimated using a commonly used clinical protocol with low-
resolution, acquired at 3T MRI. However, 7T MRl is not yet widely available, while
3T MRI is. Therefore, it may be valuable to further investigate texture features in
scans acquired at 3T as a measure for the high-resolution PVS count. This may be
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aided by increasing the 3T scan resolution and/or SNR, which may be achieved
by adjusting the scan sequence. Also the texture features in e.g. the T -weighted
images may be included in the analysis. Furthermore, other analysis methods may
be explored, such as non-linear statistical correlation methods, or deep learning
methods. Since the clinical 3T protocol investigated in this work has been used
during an extended period of time and has been included in many clinical studies,
this merited an attempt to explore if more information could be derived from these
scans with feature filtering than one would initially expect given the low resolution.

The main limitation of this work is that this was a feasibility study with a relatively
small number of subjects. As a result, the statistical power was limited.

Furthermore, non-linear statistical correlation analyses or deep learning methods
were not explored to correlate the low-resolution texture features with the high-
resolution PVS count. This was also due to the relatively small number of subjects:
for these advanced methods more data is needed to prevent overfitting.

Finally, the PVS annotations were performed in only one slice or plane. Also, the
slice orientation of the low-resolution 3T scans was different from the orientation
of the CSO-ROI that was positioned automatically in the high-resolution 7T scans
(Figures 1and 2). However, although the absolute PVS count may depend on the slice
orientation, the relative PVS counts between subjects (i.e. counts in subjects with a
lower versus higher PVS load) should not depend strongly on the slice orientation.

Conclusion

No correlation was found between the PVS count in low-resolution T -weighted
scans acquired at 3T MRI and the PVS count in high-resolution T -weighted scans
acquired at 7T. Furthermore, the co-occurrence texture features in the white matter
in the low-resolution 3T scans did not correlate with the PVS count in the low- and
high-resolution 7T scans. Thus, 7T MRI provides information on PVS that cannot
yet be acquired using commonly used clinical protocols with modest resolution at
lower field strengths. Therefore, the PVS count is currently best determined in the
high-resolution scans, or 3T protocols should be improved.
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Chapter 4

Abstract
Objective

Net cerebrospinal fluid (CSF) flow through the cerebral agueduct may serve as
measure of CSF production in the lateral ventricles, and changes that occur with
aging and in disease. In this work the confounding influence of the respiratory
cycle on net cerebrospinal fluid (CSF) flow and stroke volume measurements was
investigated.

Methods

In 12 volunteers net CSF flow was measured using PC-MRI at 7T MRI, with
respiratory gating on expiration and on inspiration, and without respiratory gating.
All measurements were repeated. For each scan the net CSF flow and stroke
volume in the aqueduct over the cardiac cycle was determined. Repeatability was
determined using the Intraclass Correlation Coefficient (ICC) and linear regression
analyses between the repeated measurements. Repeated measures ANOVA was
performed to compare the measurements during inspiration/expiration/no gating.
Linear regression analysis was performed between the net CSF flow difference
(inspiration minus expiration) and stroke volume.

Results

Net CSF flow (average + standard deviation) was 0.64+0.32 mL/min (caudal) during
expiration, 0.1240.49 mL/min (cranial) during inspiration, and 0.31+0.18 mL/min
(caudal) without respiratory gating. Respiratory gating did not affect the stroke
volume measurements (41+18,42+19,42+19 ul/cycle for expiration, no respiratory
gating and inspiration, respectively). Repeatability of the net flow was best during
inspiration (ICC = 0.88/0.56/-0.31 for gating on inspiration/expiration/no gating).
A positive association was found between average stroke volume and net flow
difference between inspiration and expiration (R = 0.678/0.605, p = 0.015/0.037 for
the first/second repeated measurement).

Conclusion

The measured net CSF flows are confounded by respiration effects. Therefore, net
CSF flow measurements with PC-MRI cannot - in isolation - be directly linked to
CSF production.
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Introduction

Cerebrospinal fluid (CSF) plays an important role in maintaining homeostasis and
in the clearance system of the brain (7,2). With aging, CSF production and CSF flow
decline (3,4), which may be related to age-related cognitive decline (5,6). Also, in
normal pressure hydrocephalus CSF flow is altered (7). Therefore, non-invasive
measurements of CSF production in combination with advanced brain imaging
may provide a useful tool to study the role of CSF changes in aging and disease.
CSF net flow through the cerebral aqueduct (aqueduct of Sylvius) over the cardiac
cycle can potentially serve as a measure for CSF production in the lateral ventricles
by the choroid plexus, and can be measured using phase-contrast MRI (PC-MRI)
(8-12). PC-MRI can be acquired in approximately 2 minutes of imaging time (4,717);
hence the resulting CSF flow waveform is the average of many cardiac cycles.

PC-MRI'measurements of net CSF flow over the cardiac cycle rely on the assumption
that relatively large CSF displacements due to the respiratory cycle (13-16) average
out over the acquisition time of the measurements (70). Although this seems a
reasonable assumption given the relatively long acquisition time compared with
the duration of the respiratory cycle, respiration may be a stronger confounder in
the PC-MRI measurements of net CSF flow than expected. In fact, reversed net CSF
flow (in cranial direction) has also incidentally been observed in healthy subjects
in several studies (17,18). Possibly incomplete averaging of respiratory effects
contributed to these cases of reversed net CSF flow.

The main goals of this work were to determine the net CSF flow over the cardiac
cycle through the cerebral aqueduct, and to investigate whether the net CSF
flow measurements are confounded by respiratory-induced CSF motion. We
hypothesized that the incidentally observed reversed net CSF flows may be due to
respiratory effects. Our secondary goals were, first, to determine the repeatability of
the measurements and, second, to compare CSF stroke volume (cardiac-induced
pulsatility) with the size of the confounding effect from respiration (as a measure
for respiration-induced CSF pulsatility).

Methods

Experimental design

Twelve young, healthy volunteers (7 male, age range 19 - 39 years, mean age 28.3
years) participated in this study. Informed consent was given in accordance to the
Institutional Review Board of the University Medical Center Utrecht (Utrecht, The
Netherlands). To achieve high SNR and good spatial resolution, which minimizes
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partial volume, the measurements were performed at 7T MRI (Philips Healthcare,
Best, the Netherlands) using a volume transmit coil and a 32-channel receive coil
(Nova Medical, Wilmington, MA, USA). Physiology was recorded using vendor-
supplied equipment: the peripheral pulse unit (PPU) was used for cardiac gating,
and the respiratory belt was used for respiratory gating. Since the circadian
rhythm has been reported to influence net CSF flow (78), all measurements were
conducted between 8:00 and 10:00 a.m.. PC-MRI measurements were performed
in the cerebral aqueduct with encoding velocity (v_ ) 15 cm/s. A single slice was
acquired, with acquired resolution 0.45x0.45x3 mm? reconstructed to 0.25x0.25%3
mm?, FOV 190x185x3 mm?, and 36 — 45 frames were reconstructed per cardiac
cycle, depending on the heart rate of the volunteer. Other parameters were: TR/
TE 12/5.9 ms, R-R window 15%/25%, 2 k-lines per cardiac cycle with alternating
positive and negative flow encoding for background phase error removal
(yielding an acquired temporal resolution of 4*TR = 48 ms), bandwidth 375.2 Hz/
pixel, flip angle 12 degrees, and SENSE factor 2. Retrospective cardiac gating was
performed. A whole-brain 3D T -weighted TFE scan (resolution 1 mmisotropic, FOV
190%248%300 mm?, TR/TE 4.2/2.0 ms, inversion recovery time 1281 ms, repetition
time between inversion pulses 3000 ms, flip angle 7 degrees, SENSE factor 2, scan
time 2:00 min) and a whole-brain T -weighted 3D balanced gradient echo scan
(resolution 0.6 mm isotropic, FOV 192%x221x250 mm?, TR/TE 5.0/1.9 ms (partial
echo), flip angle 30 degrees, SENSE factor 2.1, scan time 1:44 min) were acquired
for planning of the PC-MRI scan, as illustrated in Figure 1AB. The volunteers were
instructed to perform calm abdominal breathing. The PC-MRI measurements were
performed for two different forms of respiratory gating: (1) respiratory gating on
expiration and (2) respiratory gating on inspiration, resulting in image acquisition
only during expiration or inspiration. Respiratory gating on expiration was available
in the vendor-supplied scanner software, this was extended to allow also for
gating on inspiration. This was compared with no respiratory gating, which can be
regarded as the current common practice. Each protocol was repeated (without
repositioning of the subject) to allow assessment of repeatability of the potential
effect of respiration: apart from differences in the respiratory and cardiac traces,
there were no variations between the scans. Scan time per scan varied between
1:28 — 1:52 min without respiratory gating, and between 4:26 — 5:38 min with
respiratory gating, depending on the heart rate of the volunteer.

Data processing

Background correction was performed with a method previously developed for
blood flow velocity quantification in small perforating arteries (19), additionally to
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Figure 1 Slice planning of the PC-MRI scan (single slice, yellow) for subject 5, relative to a whole-brain
3D T -weighted TFE scan (A) and a whole-brain T -weighted 3D balanced gradient echo scan (B),
the corresponding, manually drawn, brain stem ROI (orange) in the magnitude image (C), and the
automatically determined aqueduct ROI (red) (D). The cerebral aqueduct is indicated by the white arrow.

the background velocity correction provided by the vendor. Mean background
phase was determined by applying a median filter (kernel size 1515 mm?) to the
mean of all phase images over the cardiac cycle. This mean background phase was
then subtracted from all phase images over the cardiac cycle.

A region-of-interest (ROI) of the brain stem was drawn manually on the magnitude
image of each scan (Figure 10) , to facilitate automatic detection of the aqueduct area.
Phase unwrapping was performed within this ROl using Goldstein's method (20), in
all scans that showed phase wrapping at any time point in the cardiac cycle.
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The cerebral aqueduct was automatically determined within the brain stem RO, by
selecting the voxels with a significant signal intensity relative to the background,
using the magnitude images. The aqueduct mask was determined in two steps.
First, the mean background magnitude was obtained by median filtering the mean
magnitude image (kernel size 15x15 mm?). Second, the standard deviation (SD) of
the real and imaginary parts of the signal over the cardiac cycle was determined
pixel by pixel. The root-mean-square of the real and imaginary standard deviation
was median filtered (kernel size 1515 mm?) and used as a map of the noise
background. The background signal was assumed to be stable over the cardiac
cycle, therefore signal variation over the cardiac cycle was regarded as noise. One
aqueduct mask is determined for all phases over the cardiac cycle, assuming that
the diameter variation was well below the image resolution. The aqueduct mask
was defined as all voxels with a signal intensity significantly above the background
magnitude, and were automatically determined using the estimated background
noise map and significance level p<0.01 (79). An example of the resulting aqueduct
mask is shown in Figure 1D.

Finally, the average velocity curve of the aqueduct ROl was determined. Then the
net velocity over the cardiac cycle was determined by integrating the average CSF
velocity curve over the cardiac cycle. To obtain the net CSF flow over the cardiac
cycle the net velocity was multiplied by the aqueduct area. By convention in this
paper, positive flows are in cranial direction, negative flows are in caudal direction.
To assess the net flow profiles in the aqueduct, for all subjects the net velocity
per voxel was plotted. Furthermore, stroke volumes were determined by averaging
the (absolute) systolic (caudal) and diastolic (cranial) flow volumes through the
aqueduct over the cardiac cycle, for each measurement.

Statistical analysis

As a measure for the repeatability of the net CSF flow and stroke volume
measurements, the difference and absolute difference in net CSF flow between
the repeated measurements were determined for each subject. Also the Intraclass
Correlation Coefficient (ICC) was determined, and linear regression analysis
between the first (independent variable) and second (dependent variable)
measurement was performed.

To visually compare the CSF flow for the different respiratory conditions, the mean
normalized CSF flow curves were plotted for each respiratory condition. First the
CSF flow curves were interpolated to 100 time points (0-100% of the cardiac cycle).
Subsequently all flow curves were normalized relative to the absolute maximal
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observed flow in any of the 6 measurements (3 respiratory conditions, each
measured twice), and the average flow curve for each respiratory condition was
determined. Finally, the mean + standard error of the mean (SEM) flow curve of all
volunteers were determined for each respiratory condition.

To compare the different respiratory conditions, boxplots were made for the
average measured net CSF flow per subject during inspiration gating, expiration
gating, and without respiratory gating. Repeated measures ANOVA was performed
to compare the net CSF flows and stroke volumes during inspiration gating,
expiration gating, and without respiratory gating, for the first and the second
measurements separately. A significance level of p<0.05 was used, and Bonferroni
correction was applied for the pairwise comparisons (3 tests).

To explore the relation between the CSF pulsatility (stroke volume) and the
influence of the respiration phase on the net CSF flow, linear regression analyses
were performed between the net CSF flow difference for inspiration minus
expiration (dependent variable) and the average stroke volume of inspiration
and expiration (independent variable), for the first and second measurements
separately. A significance level of p<0.05 was used.

Data processing was performed with Matlab (version 2017A, Mathworks, Natick,
MA, USA). Statistical analyses were performed with IBM SPSS (version 24).

Results

Scans were successfully completed for all volunteers. In ten scans, of three
subjects, phase unwrapping was performed. The size of the automatically acquired
aqueduct ROIls varied between 1.3 - 5.8 mm?. No difference in background
correction was found between gating on inspiration, gating on expiration, or no
respiratory gating (data not shown). The maximum CSF velocities varied between
34-16.7,28-13.0,3.1 - 15.7 cm/s, during inspiration gating, expiration gating,
and without respiratory gating, respectively. No (inverse) correlation was found
between the aqueduct area and the maximum CSF velocity. No correlation was
found between the cardiac frequency and the net CSF flow or between the cardiac
frequency and the stroke volume. Between the various CSF flow scans, the cardiac
frequency ranged between 97 — 105% of the average cardiac frequency for each
subject (percentages averaged over all volunteers, min/max observed difference
was 95%/109%). The respiratory frequencies ranged between 0.16 - 0.32 Hz.

65



Chapter 4

CSF flow and stroke volume relative to the respiratory phase

Figure 2 shows the mean + SEM normalized CSF flow in the aqueduct over the
cardiac cycle during expiration gating, inspiration gating, and without respiratory
gating for all volunteers and for both repeated measurements. The CSF flow
curve for the inspiration gated measurements lies consistently above the curve
for expiration gated measurements, and the curve for no respiratory gating lies
in between the curves for inspiration and expiration. Individual CSF flow curves
during inspiration and expiration gating for the first measurement show generally
the same pattern, and are shown in Figure 3.

Cranial

ir —— Expiration
—Inspiration
08 No gating
0.6

04+

021

0

02+

normalized CSF flow
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-06F

\

08

,l L
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Figure 2 Average normalized CSF velocity in the aqueduct over the cardiac cycle, averaged over both
repeated measurements and all subjects, during expiration (blue), inspiration (orange), and no gating
(yellow). The CSF flow curves were interpolated (using cubic interpolation with the Matlab function
interp1) to 100 time points (0-100% of the cardiac cycle). As triggering was performed using a peripheral
pulse oximeter, the cardiac cycle starts around peak-systole. The cardiac cycle duration varied between
857 = 1090 ms. The line represents the average CSF velocity, the transparent band represents the SEM.
Normalization was performed per subject, by dividing by the maximum absolute velocity of any of the
6 measurements (three respiratory conditions, each measured twice).
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Figure 3 Individual CSF flow profiles during inspiration (orange) and expiration (blue) for all subjects, for
the first measurement. Positive CSF flow is in cranial direction, negative CSF flow is in caudal direction.
For most subjects, the CSF flow profile during inspiration is above the CSF flow profile during expiration.
Subject 3 showed cranial net flow during expiration, and caudal flow during inspiration. Subject 11 and
12 showed similar flows during inspiration and expiration.
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Figure 4 Boxplots of the mean net CSF flow (over both measurements) measured in each subject,
during expiration gating (Exp), no gating (No), and inspiration gating (Insp) (A), the mean net CSF
flow measured in each subject (B), and the net CSF flow measured in each subject during the first
and second measurement (C). Outliers are represented by the open circles. Except for one outlier, only
negative (caudal) net CSF flows were observed during expiration, while often positive (cranial) flows
were measured during inspiration. Generally, the net CSF flow measured without respiratory gating is in
between the net CSF flows measured during expiration and inspiration.

Figure 4A shows the average net CSF flow per subject during inspiration gating,
expiration gating, and without respiratory gating. During expiration the largest caudal
net CSF flows were found, during inspiration the largest cranial net CSF flows were
found. The net CSF flows measured without respiratory gating are in between the net
CSF flows measured during expiration and inspiration. Figure 4B shows the average net
CSF flow during the different respiratory conditions per subject. In 9 out of 12 subjects,
during expiration most caudal (negative) net flow was found, and during inspiration net
flow was cranial (positive) or considerably smaller compared with expiration. For two
subjects, similar caudal net CSF flows were found during expiration and inspiration. One
subject showed a somewhat reversed effect, with caudal net flow during inspiration
(0.35 mL/min and 0.18 mL/min for the repeated measurements, respectively) and
inconsistent net flow during expiration (0.04 mL/min in caudal direction, and 0.15
mL/min in cranial direction for the repeated measurements, respectively).

The repeated measures ANOVA showed that overall significantly different net
CSF flows were measured between the respiratory conditions (tests of within-
subject effects): the resulting p-values were 0.001 for both the first and second
measurement. The pairwise comparisons showed that the difference in net CSF
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flow between expiration and inspiration is very similar between the repeated
measurements. The resulting mean differences and the corresponding p-values
for the pairwise comparisons are summarized in Table 1. For the stroke volumes
no (significant) differences were found between the respiratory conditions: the
resulting p-values were 0.122 and 0.23 for the first and second measurement,
respectively.

Table 1. Net CSF flow differences

Mean difference + SEM p-value
[mL/min]

Expiration - Inspiration -0.75+0.20 0.010*

Measurement 1 No gating - Expiration -0.26 £0.15 0.348
No gating - Inspiration 049+0.17 0.045 *
Expiration - Inspiration -0.76 £0.20 0.008 *
Measurement 2 No gating - Expiration -039+0.12 0.027 *
No gating - Inspiration 037+0.18 0.196

Net CSF flow differences (mean+SEM) between the respiratory gating conditions, and the
corresponding p-values, for the pairwise comparisons of the repeated measures ANOVA, for the first
and the repeated net CSF flow measurements during expiration gating, inspiration gating, and without
respiratory gating. Significant p-values are represented by the asterisk symbol.

The net CSF flow for all agueduct voxels during expiration gating, inspiration
gating, and without respiratory gating for all subjects, for the first measurement, is
shown in Figure 5. Large inter-subject variation can be observed between the net
CSF flow profiles over the aqueduct. The subject specific patterns were consistent
between the various respiratory gating schemes, but generally more cranial flow
was observed during inspiration gating compared with expiration gating or no
gating. Very similar net flow patterns were found during the second measurement
(data not shown).

Repeatability of net CSF flow and stroke volume measurements

Figure 4C shows the individual net CSF flows for each subject, for the repeated
measurements. For the measurements without respiratory gating the largest
within-subject variation can be observed, compared with the respiratory gated
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Figure 5 CSF net flow for all aqueduct voxels during expiration gating (Exp), inspiration gating (Insp),
and without respiratory gating (No) for all twelve subjects, for the first measurement. For most subjects,
during expiration gating most voxels show caudal net CSF flow, and during inspiration gating more
voxels show (larger) cranial net CSF flow. The net CSF flow directions were indicated with +/- symbols
for cranial/caudal net CSF flow.

measurements. The repeatability results for the net CSF flows and stroke volumes for
expiration gating, without respiratory gating, and inspiration gating are summarized
in Table 2. The mean net CSF flow was negative (caudal) during expiration gating
and without respiratory gating, and positive (cranial) during inspiration gating, for
both measurements. The difference and absolute difference between the repeated
measurements are larger without respiratory gating compared with the inspiration
and expiration gated measurements. Also, the standard deviation of the difference
between the repeated measurements is largest without respiratory gating.
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Figure 6 Linear regression analysis between the first (independent variable) and second (dependent
variable) measurements for net CSF flow (A-C) and stroke volume (D-F), for gating on expiration, no
respiratory gating, and gating on inspiration. For net CSF flow, only gating on inspiration showed very
good repeatability, as the regression line was very close to M2 = M1; a fair correlation between both
measurements was seen for gating on expiration; and no significant correlation was found between
both measurements without respiratory gating. For stroke volume, repeatability was good for all
respiratory conditions, with regression lines approximating M2 = M1.
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Figure 7 Regression analysis between the net CSF flow difference for inspiration minus expiration, and
the average stroke volume for expiration and inspiration, for measurement 1 (A) and measurement 2 (B).
Significant, positive associations were found for both measurements.
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During inspiration gating the standard deviation of the difference between the
repeated measurementsis smallest,and the ICCis largest. Without respiratory gating
ICCis negative. Regression analysis resulted in significant correlations between the
first and second measurement for inspiration and expiration gating, as shown in
Figure 6A-C. For the inspiration gated measurements, the regression line was
approximately M2 = M1, indicating good repeatability.

For all respiratory conditions and both measurements similar stroke volumes were
measured. The difference and absolute difference in stroke volume between the
repeated measurements were close to zero, and the ICCs were high (at least 0.98).
Regression analysis resulted in significant correlations between the firstand second
measurement, as shown in Figure 6D-F. For all respiratory conditions the regression
line was approximately M2 = M1. The stroke volumes were highly repeatable,
regardless of the type of respiratory gating.

Net CSF flow difference relative to CSF stroke volume

Overall, smaller net CSF flow differences between inspiration and expiration gating
were observed for the subjects that showed less pulsatile (flatter) CSF flow curves
(Figure 3); this can also be observed from the smaller difference between the CSF
flow profiles during the inspiration and expiration gated measurements. Linear
regression analysis confirmed this correlation between net CSF flow difference
(inspiration gated minus expiration gated) (dependent variable) and stroke volume
(average stroke volume of inspiration and expiration) (independent variable), as
illustrated in Figure 7: for both measurements significant, positive associations were
found.

Discussion

In this work it was investigated whether net CSF flow measurements with PC-
MRI are confounded by respiratory-induced CSF motion, by performing PC-MRI
measurements with various respiration conditions, using respiratory gating. The
results confirmed that net CSF flow measurements are confounded by respiration:
consistent caudal net CSF flow was found during expiration, while on average
cranially directed net CSF flow was found during inspiration. Stroke volumes were not
affected by respiratory gating. The repeatability of the net CSF flow measurements
was best during inspiration. A significant, positive association was found between
CSF stroke volume and net CSF flow difference between inspiration and expiration
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gated measurements. During the measurements without respiratory gating two
outliers were found in the repeated measurements of two different subjects with a
relatively large cranially directed net CSF flow.

The observed change in net CSF flow during inspiration compared with expiration
is in line with the altered CSF dynamics measured using real-time PC-MRI
measurements, as shown in literature. Klose et al. (15) qualitatively investigated
CSF flow dynamics over the cardiac and respiratory cycle, and showed increased
cranial flow and decreased caudal flow during inspiration, and the reversed effect
during expiration. Yamada et al. (16) investigated CSF movement in the cerebral
aqueduct during inspiration and expiration, and found cranial CSF motion during
inspiration, and caudal CSF motion during expiration. Dreha-Kulaczewski et al.
(13,21) performed real-time measurements of CSF flow dynamics, and found
upward (cranial) CSF flow during inspiration, and downward (caudal) CSF flow
during expiration. Chen et al. (714) performed real-time velocity mapping, and
also found cranial CSF velocities during inspiration, which was reversed during
expiration. Takizawa et al. (22) investigated the relative contributions of the cardiac
and respiratory cycles to CSF velocity and CSF displacement, and showed that
the contribution of the respiratory cycle to CSF velocity in the aqueduct is smaller
compared with the cardiac cycle, but that the resulting total displacement through
the aqueduct is larger than the displacements induced by the cardiac cycle. Daouk
et al. (23) investigated blood and CSF flows using signal intensity changes, and
found that arterial blood flow is influenced mostly by the cardiac cycle, while
venous blood flow is influenced mostly by the respiratory cycle. CSF appeared to
act as a buffer between the arterial and venous blood compartments.

Real-time PC-MRI measurements could potentially be used to determine the net
CSF flow through the aqueduct, which is usually performed using PC-MRI, as was
done in this work. At 3T, Dreha et al. achieved a temporal resolution of 135 ms
for a pair of two flow-encoded images (21), and Yildiz et al. achieved a temporal
resolution of 50 ms (24), which could offer net CSF flow measurements that are
not confounded by the respiratory cycle. However, currently the application of
real-time PC-MRI to measure net CSF flow is limited by the relatively low spatial
resolution, Dreha et al. achieved a spatial resolution of 1.2x1.2x5 mm? (217), and
Yildiz et al. achieved a spatial resolution of 2.5x2.5x10 mm?* (24), making this
technigue more prone to partial volume. PC-MRI on the other hand, offers much
better spatial resolution, but low temporal resolution. Furthermore, it is important
to evaluate if net CSF flow over one cardiac cycle, which can be acquired with real-
time PC-MRI measurements, is representative for the net CSF flow over a longer
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period of time.

The average net CSF flow acquired without respiratory gating in this work
(0.3140.18 mL/min) is in line with values found in literature, ranging between 0.26
= 0.74 mL/min (8, 10-12, 25-27). In these papers spatial resolutions varied between
0.39x0.39x6 mm? and 0.9x0.9x6 mm?, scanning was performed at 1.5T or 3T, and
16 or 32 frames per cardiac cycle were acquired. Our net CSF flow values are on the
lower end of this range, which was partially caused by the two outliers showing net
cranial flow when no respiratory gating was used (excluding these two subjects
would result in an average net CSF flow of 0.35+0.16 mL/min). Furthermore, our
spatial resolution was relatively high (0.45x0.45x3 mm?), especially regarding slice
thickness, reducing partial volume in the aqueduct ROl and thereby resulting in
smaller overestimation of net CSF flow. Also, the relatively small slice thickness,
short TR, and low flip angle used in this work limited the possible bias in the
acquired CSF velocities induced by RF saturation (28). Finally, a relatively high
temporal resolution and SNR were achieved (scanning was performed at 7T, and
36 — 45 frames per cardiac cycle were acquired, with a temporal resolution of 48
ms), resulting in a relatively high accuracy of the estimated net CSF flow, which is
small relative to the stroke volumes.

The stroke volumes found in this work (41+18, 42419, and 42+19 ul/cycle for
gating on expiration, gating on inspiration, and no respiratory gating, respectively)
are in line with values found in literature, ranging between 30 — 50 ulL/cycle (4, 29,
30).

Net CSF flow measurements are influenced by the respiratory cycle. In this work for
two different subjects cranial net CSF flow was found when no respiratory gating
was applied, which is likely due to a difference in the (changeable) respiration
between these measurements. Also in previous exploratory work (77) and in
literature (18) such outliers were found, with cranial net CSF flow in healthy subjects
when no respiratory gating was performed. It is perhaps illustrative that the results
without respiratory gating were significantly different from the inspiration gated
(but not expiration gated) results in the first measurement, while this was opposite
in the second measurement (Table 1). This suggests that, when no respiratory
gating is performed, net CSF flow may be closer to either inspiration or expiration,
and respiration effects may not average out over the acquisition.

These results violate the general assumption that all respiratory variation averages
out over the acquisition time of net CSF flow measurements (70). Also Yildiz et al.
(24) concluded that respiration effects average out in conventional PC-MRI, based
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on phantom measurements. However, Yildiz et al. analyzed only the flow curve
shape, but did not show the net flow. From Figure 3 in the work by Yildiz et al,
a slight shift between the velocity curves can be observed. Estimating the net
flows from this figure using an online tool to digitize the plot (37), yields a net
flow difference between the PC-MRI measurements with and without respiration
effects of approximately 0.4 ml/min, which is comparable to the total net CSF flows
in our in vivo measurements (data not shown).

We found that the stroke volume was not affected by respiration, implying that
the respiratory phase determines the offset of the CSF flow curve over the cardiac
cycle, but does not alter the flow curve shape. The large influence of respiration
on net CSF flow measurements may be explained by changes in thoracic pressure
over the respiratory cycle. During inspiration a drop in thoracic pressure occurs,
resulting in increased outflow of venous blood from the head. During expiration
the opposite happens: thoracic pressure increases, resulting in reduced outflow of
venous blood from the head (27). According to the Monro-Kellie hypothesis (32),
these changes in intracranial blood volume must be compensated by changes in
CSF volume.

Between the CSF stroke volume and the net CSF flow difference between
inspiration and expiration a significant, positive correlation was found. Thus, in
subjects with larger CSF flow pulsatility over the cardiac cycle also larger respiratory-
induced CSF flow variation was found. This suggests that either the respiratory or
the cardiac cycle can be used as non-invasive driver to assess the cerebrovascular
compliance: both stroke volume and net CSF flow difference between inspiration
and expiration reflect changes in intracranial blood volume variation over the
cardiac and respiratory cycles. Inter-individual differences in CSF dynamics in the
aqueduct may either reflect differences in (intracranial) blood volume pulsation, or
differences in the relative contributions of the ventricles and subarachnoidal space
to accommodate blood volume pulsations. Following the Monro-Kellie hypothesis,
CSF flow from either the ventricles (via the aqueduct) or the subarachnoidal space
(via the spinal canal) can compensate for this blood volume variation. Balédent et
al. (33) showed that stroke volumes through the aqueduct are only approximately
10% of the stroke volumes through the spinal canal, without correlation between
these two stroke volumes. Therefore, spinal CSF measurements should be included
when studying the cerebrovascular compliance.

Repeatability of the net flow measurements in this work was best for inspiration,
followed by expiration. When no respiratory gating was performed ICC was
negative. Removing the two outliers (with cranial net CSF flow) would result in
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an ICC of 0.24. The low repeatability when no respiratory gating was performed
is probably due to the influence of the respiratory cycle. Wahlin et al. (27) also
investigated the repeatability of net CSF flow measurements without respiratory
gating, and found low ICC. They suggested this was caused by the relatively small
aqueductal CSF flow with respect to the pulsatile CSF flow rates, and imperfect
background correction. However, since no respiratory gating was performed, also
respiratory effects may have contributed to this low ICC.

During inspiration we observed the highest inter-subject variation. Relatively large
inter-subject differences can also be observed in the net CSF flow profiles in the
aqueduct, for all respiratory conditions. The hydrodynamic theory by Greitz at al. (30, 34)
states that stiffening of extracranial arterial vessel walls leads to larger expansion
of intracerebral vessels over the cardiac cycle, thereby increasing CSF pulsatility.
Furthermore, it has been shown that CSF pulsatility increases with age (35). Possibly
respiration-induced CSF pulsatility also varies between subjects, similar to cardiac-
induced CSF pulsatility.

Small variations between the aqueduct ROIs can be observed during inspiration
gating, expiration gating, and without respiratory gating. These small variations of
the aqueduct area had only a minor (non-significant) impact on the acquired net
CSF flow, as the velocities at the edges are very low (data not shown). This may be
(partly) due to motion between the different scans. Also, variations in background
noise between the scans may play a role, since the ROIs are selected by including
all voxels with a signal intensity significantly higher than the noise floor.

During the respiratory gated measurements a few outliers were observed. In one
subject (subject 3) cranial net flow was found during expiration, and caudal flow
was found during inspiration. The recorded physiology (cardiac and respiration) did
not show striking irregularities. In this subject an irregular shape of the aqueduct
was observed leading to local minor stenosis. The radiologist rated this as normal
anatomical variation, but this may have led to non-laminar flow and, thus, to errors
in the PC-MRI measurements. Furthermore, in two subjects similar (caudal) net CSF
flows were observed during expiration and inspiration. In neither of these subjects
irregularities were found in the anatomy or recorded physiology. It is uncertain to
what extent these subjects indeed have less variability with respiration or whether
unidentified measurement errors played a role.

There is currently a debate whether CSF is produced by the choroid plexus alone,
but the main consensus is that CSF is produced mainly by the choroid plexus (2,
36-38). This work shows that net CSF flow measurements with PC-MRI are not
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necessarily suitable as a marker for CSF production in the lateral ventricles, because
of the considerable confounding influence of the respiratory cycle on these
measurements.

Cranially directed net CSF flows have been found in communicating hydrocephalus
by Hladky et al. (37). However, Schroth and Klose (39) observed net caudal CSF
flow over one cardiac cycle using real-time MRI measurements in normal pressure
hydrocephalus patients, although the CSF pulsation was found to be of higher
amplitude. Also, Gideon et al. (40) found mostly caudal net CSF flows in normal
pressure hydrocephalus patients. It could be that the reported reversed (cranial)
net CSF flows, acquired with PC-MRI, were affected by altered CSF dynamics with
respect to the respiratory cycle. Our results indicate that the effect size of respiration
on net CSF flow measurements is sufficiently large to find reversed (cranial) net CSF
flow over the cardiac cycle (Figure 4).

When respiration is taken into account, net CSF flow measurements may offer
an interesting quantitative measure for CSF dynamics, and may be used to study
differences between the healthy and diseased brain.

The major limitation of this work is the limited number of subjects, which makes it
difficult to interpret the outliers in the measurements without respiratory gating.
Also, no clinical patients were included. Therefore, it remains unknown if respiration
also confounds net CSF flow measurements in diseased populations. If an MRI
method for net CSF flows could be developed without confounding effects from
respiration, it should be developed for field strengths widely available in the clinic
(1.5T or 3T), as 7T MRl is still not widely available.

Furthermore, since only aqueductal CSF flow was measured, it was not possible
to identify whether inter-individual differences in aqueductal CSF flow dynamics
reflect differences in (intracranial) blood volume pulsation, or differences in the
relative contributions of the ventricles and subarachnoidal space to compensate
for blood volume pulsations. Therefore, in future work spinal measurements should
be performed together with aqueductal CSF flow measurements.

Finally, no respiratory scheme was enforced. Therefore, a relatively large variation
in respiratory patterns occurred, with deeper or more shallow breaths and faster or
slower breaths, as compared with a fixed respiratory scheme, as used in literature
(13,21). Regularizing the respiratory patterns by providing the subjects with a paced
breathing cue may improve the consistency of the net CSF flow measurements
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and, thus the confounding effects of respiration. This has to be evaluated in the
future, and its performance may still be variable between different subjects and
between patient groups.

Conclusion

The net CSF flow through the cerebral aqueduct was increased during expiration,
and reversed (in cranial direction) during inspiration. When no respiratory
gating was used, mostly caudal net CSF flow was found, except for two outliers.
Repeatability was best for respiratory gating on inspiration, followed by gating on
expiration. CSF stroke volume was not affected by respiration. A positive, significant
association was found between stroke volume and net flow difference between
inspiration and expiration. Since the measured net CSF flows are confounded
considerably by the respiratory cycle, care should be taken in linking measured net
CSF flows to CSF production.
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Chapter 5

Abstract
Objective

CSFT, mapping can potentially be used to investigate CSF composition. A previously
proposed CSF T -mapping method reported a T, difference between peripheral
and ventricular cerebrospinal fluid (CSF), and suggested that this reflected different
CSF compositions. We studied the performance of this method at 7T MRI and
evaluated the influence of partial volume and B, and B inhomogeneity.

Methods

T -preparation-based CSF T,-mapping was performed in 7 healthy volunteers at
7T and 3T and was compared with a single echo spin-echo sequence with varying
TEs. The influence of partial volume was assessed by analyzing the longest TEs only.
B, and B, maps were acquired. B, and B, dependency of the sequences was tested
using a phantom.

Results
T, was shorter at 7T compared to 3T. At 3T, but not at 7T, peripheral T, .. was

significantly shorter than ventricular T Partial volume contributed to this T,

2,CSF*
difference, but could not fully explain it. B, and B inhomogeneity had only very
limited effect. T, . did not depend on the voxel size, probably due to the selection

method of the regions-of-interest.

Conclusion

CSF T, mapping is feasible at 7T. The shorter peripheral T
effect of partial volume and CSF composition.

,cqr 15 likely a combined

86



T, mapping of cerebrospinal fluid at 3T and 7T MRI

Introduction

In previous work by Qin (7) a fast method was proposed at 3T MRI to map the
volume and T, of cerebrospinal fluid (CSF) in the brain. A striking finding with this
method was the observation of a shorter T, of the peripheral CSF compared to the
T, of the CSF in the lateral ventricles. The paper suggested that this T, difference
is caused by differences in CSF composition between both areas, implying that
CSFT, (T, ) can be used as a non-invasive biomarker for CSF composition. This
would be highly relevant in the light of the recent attention for the clearance
of brain waste products, in which CSF is involved (2-5). A method that can non-
invasively assess CSF composition would provide a non-invasive window on the
brain clearance system, with great potential for applications in studying diseases
related to dementia such as Alzheimer’s disease and cerebral small vessel disease.
If T, ., indeed appears to be useful as functional marker of the brain clearance
system, it could be studied next to other advanced imaging markers of early brain
damage such as microbleeds, microinfarcts, and hippocampus subfield volumes
and atrophy. As many of these advanced markers are acquired at 7T (6-8), it is
desirable to implement and evaluate CSF T, mapping at 7T as well.

At 7T, B, inhomogeneity is considerable and may influence the T, mapping results,
despite the relative B, insensitivity of the used CSF T, mapping method. Even at
3T, considerable B, inhomogeneity in the brain can be observed (9). Also, when
measuring T, in peripheral CSF, partial volume effects with tissue cannot be avoided.
So, we hypothesized that these partial volume effects and B, imperfections can
explain the previously observed T differences. De Vis, et al. (2015) (10) obtained a
rough estimation of the influence of partial volume effects on the estimated T,
by scanning with two different resolutions. The higher resolution resulted in longer
T, times, indeed suggesting a role for partial volume effects. Because the influence
of B, inhomogeneity and partial volume effects is not clear yet, it remains uncertain

to what extent T, .. can be used to assess the composition of CSF.

In this work we studied the performance of Qin's CSFT, mapping method at 7T MRI.
The specific goals were to investigate the influence of B, and B, imperfections on
the estimated T, . toassess the influence of partial volume effects, and to evaluate
to what extent the previously observed difference in T, . between periphery
and ventricles can be explained from B, B, and partial volume effects. B, and B,
sensitivity was investigated with phantom measurements, and by comparing the
method between 7T and 3T MRI in healthy human subjects. Partial volume effects
were estimated by removing the influence of partial volume with tissue, through
selection of only the last (longest) TEs. Also different resolutions were scanned.

87



Chapter 5

Methods

Sequence

The CSFT, mapping sequence used in this research is based on T, preparation, and
has been described elsewhere (7, 10). For this study the method has been further
extended to improve the fit reliability of the long T, times by implementing longer
refocusing pulse trains, yielding longer echo times. Briefly, the sequence consists
of four parts (Figure 1). First, a set of four nonselective WET (Water suppression
Enhanced throughT, effects) pulses is applied for saturation, to prevent slice history
effects. These pulses are optimized for saturation of free water (applicable for T,
values between 3 - 6 ), the pulse angles are 156°,71°, 109°, and 90° (77). Second, a
delay time (Tde‘ay) follows, where T relaxation occurs, followed by crusher gradients.

Presaturation Delay T, preparation Acquisition
WET
(WET) L 180°
90° -90° 90°
n - |_| A Readout
RF ln
1 —
Taelay TE 12-prep
F m
P T
) T
crushing
S [\,

Figure 1 CSF T, mapping pulse sequence. The sequence consists of four parts: WET presaturation, a
fixed delay with duration T, a T, preparation module with MLEV phase cycling, and a SE-EPI image

delay’
acquisition. To perform T, mapping the sequence was repeated, while increasing the number of

refocusing pulses (and therefore TETZ’WD) for a fixed inter-pulse delay T. The applied RF pulses are shown
on the RF axis, the applied gradients are shown on the frequency (F), phase (P), and slice (S) encoding
axes.

Third, T, preparation is applied, consisting of a nonselective 90° pulse, a set of 4,
8, 16 or 32 non-selective refocusing pulses (R) according to the MLEV (Malcolm
Levitt) phase cycling scheme, and a nonselective -90° pulse with a crusher gradient
to crush any remaining transversal magnetization (12). Each refocusing pulse R is a
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composite pulse, consisting of 90 °, 180y°, 90, ° rectangular pulses (or the inverse :
90.°, 1807y°, 90,,°). The duration of a single refocusing pulse was 2.6 ms. T relaxation
occurs during TE,, |, which is determined by the number of refocusing pulses
and the spacing between the centers of the refocusing pulses (1). To achieve long
TEmmps, T was chosen at 150 ms. This resulted in TETZ,prepdurations of 600, 1200,
2400, and 4800 ms. Also one scan was acquired without any refocusing pulses; this
scan was not used in data analysis. The fourth part of the sequence is a single shot
2D SE-EPI readout. During the EPI train also T, decay occurs; this can however be

regarded as a constant factor, and was therefore neglected in the analysis.

Although the refocusing train in the T, preparation is relatively insensitive to B,
inhomogeneities due to the MLEV phase cycling scheme, the 90° rectangular
pulses before and after the train may fail in case of B, deviations. Consequently,
we hypothesized that a fraction of the magnetization may be unaffected by the T -
preparation module, which could have a relatively large impact on the measured
signal in case of partial volume effects. Also, in case of imperfect B, Tw—vveighted
stimulated echoes may influence the T, measurements, although this effect is
expected to be relatively small due to the long T, of CSF (4.4 s (13)). Therefore, T
mapping with a single echo SE-EPI sequence with various TEs was used as truly B,
insensitive reference (shown in supplemental material).

Nonselective pulses were used where possible to minimize motion sensitivity.
Consequently, only the excitation pulse of the SE-EPI readout was selective.

Phantom measurements

Phantom measurements were performed to test the B, and B sensitivity. The
experiments were performed on a 7T Philips Achieva scanner (Philips Medical
Systems, Best, The Netherlands) with a 32-channel head coil (Nova Medical,
Wilmington, MA, USA), with a tap water phantom at room temperature. Phantom
size was 200x95x20 mm?. The phantom was scanned with equal echo times as
used for the in vivo experiments. A single slice was acquired with 3x3x6 mm?
resolution, FOV 240x96 mmz,Tde‘ay of 155, (which is more than 3 times the T, of CSF
(4.4 s (13))), and sensitivity encoding (SENSE) (74) (with SENSE factor 1, meaning
that the coil sensitivities of the receive coils were used for optimal coil combination
without imaging acceleration). A series of T, maps with increasing through-plane
B, gradients was acquired to study the effect of diffusion for B, 100%. The following
through-plane B gradient strengths were applied by adding this strength to
the linear shim term in the user interface: 0, 0.05, 0.1, 0.2, 0.3, and 0.5 mT/m. The
phantom appeared sensitive to free induction decay (FID) artifacts, due to the
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relatively large volume of water and more pronounced B, inhomogeneity (75).
The acquisition with the highest B gradient yielded images free of FID artifacts,
which allowed to study the B, dependency of the CSF T, mapping sequence. B,
and B, maps were acquired, using identical resolution and FOV as the T, mapping
acquisitions. The B, map was obtained with a gradient echo sequence with two
different TEs (1.64 and 2.64 ms). The B, mapping sequence was based on the actual
flip angle method (76), with TR /TR /TE equal to 40/160/0.96 ms, and a flip angle of
50 degrees.

In vivo measurements

In vivo experiments were performed at both 7T and 3T to test the feasibility of CSF
T, mapping at 7T, to further assess the sensitivity to B, inhomogeneities, and to
explore the influence of partial volume effects. Seven healthy volunteers (3 male,
age range 21 — 54 years, mean age 34 years) participated in this study. Informed
consent was given by all subjects in accordance to the Institutional Review Board
of the University Medical Center Utrecht (Utrecht, The Netherlands). All volunteers
were scanned at both a 3T Philips Achieva scanner with an 8-channel head coil
(Philips Healthcare, Best, The Netherlands), and the 7T scanner that was also used
for the phantom study. The CSF T, mapping scans were acquired in a single coronal
slice, planned through both the lateral ventricles and the fourth ventricle (Figure
2R). The scanning parameters are summarized in Table 1. The fixed Tde‘ay was 15 s
and TR varied between 20 - 25 s, depending on TE ep Other parameters were:
SENSE factor 2.3 in left-right direction, FOV 240x240 mm?. Due to the long TR, SAR
remained well within the SAR limits, also at 7T. No additional methods were used
to correct for eddy currents. The low bandwidth of the scan may cause distortions
in areas with poor shimming, such as the nasal cavities. However, shimming was
good in the selected coronal slice. Also B, and B, maps were acquired.

Data analysis
Phantom

The resulting T, estimates were analyzed as a function of B, and B . B, sensitivity was
assessed using the scans with the highest B, gradient strength (0.5 mT/m), where
no FID artifacts were present. The B, range present in the scan was used. Based
on the B, in each voxel, the voxels were sorted over 8 bins of 5% B, leading to B,
bins ranging from 85+2.5% to 120+2.5%. The signal was averaged over each B, bin,
and T, times were fitted over this averaged signal. B, sensitivity was assessed using
the varying applied B, gradient strengths (0, 0.05, 0.1, 0.2, 0.3, and 0.5 mT/m). In
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TEr2-prep = 4.8 s

Figure 2 Planning of the CSF T, mapping scans, through the lateral ventricles and the fourth ventricle (A),
the CSF T, mapping scans at 7T for increasing TE,Mep (TE,, ., is 0.6s, 1.25, 245, 4.85), shown with equal
intensity scaling (B), and the used ROI masks of the periphery (white), the lateral ventricles (yellow), and
the fourth ventricle (red) (C).

Table 1. Scan parameters used for the in vivo experiments for the CSF T, mapping sequence (based on
T, -preparation).

Resolution Tim;iut T[ErIrZI.spieP EPI factor Bw[ﬂ’;::ifﬁeq) SCF;i:;"'
- 1X1x4 133 0-4800" 105 8.1/961 2:59
3Xx3x6 42 0-4800" 67 28.2/2308 2:59
1X1%2 127 0-4800" 107 84/1082 3:04
n 1X1x4 126 0-4800" 107 84/1082 3:04
3X3X6 23 0-4800" 37 55.1/2642 3:04

"The used TE s were: 0, 600, 1200, 2400, 4300 ms

2-prep

each scan only voxels with B, between 97.5 - 102.5% were included. An additional
intensity threshold was applied on the scan with the longest TE,, e tO Minimize
the influence of artifacts in the lower B gradient scans. This threshold was set at
75% of the maximum intensity for the longest TE. The signal of all included voxels
was averaged over each scan, and T, times were fitted over this averaged signal.

In vivo

Three regions of interest (ROIl) were defined on the acquired in vivo scans: the
lateral ventricles, the fourth ventricle and peripheral CSF. The ROl masks were
made by applying an intensity threshold to the first echo time (TETZ,prep =06 59).
The intensity threshold was set at 25% of the maximum intensity in the image.
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Figure 2BC shows the acquired CSF T, mapping scan at 7T with resolution 1x1x4
mm? at all echo times for one volunteer, and the used ROIs. Conservative ROIs
were used in the ventricles by eroding the intensity based ROIs with one voxel, to
minimize both partial volume and motion sensitivity. Erosion of the peripheral ROIs
was not feasible.

The signal was averaged over each ROI, and T, times were fitted over this averaged
signal, using a single exponential decay model. Also mean B and B, values were
determined for each ROI. In order to minimize the influence of e.g. motion or partial
volume effects on the data analysis, only fit results with an R? of 0.99 or higher were
considered.

Partial volume assessment

In the peripheral CSF an additional assessment of the influence of partial volume
was made, by performing a partial volume correction. Only TE, oS of minimally
1200 ms (excluding the shortest TE
analysis. Thereby, maximal nulling of e.g. tissue signal was achieved, since the T,
times of tissue are below 100 ms (77, 18), which is about 10 times shorter than the

shortest 1= used. The analysis with only the last TE

12.prep OF 600 Ms) were taken into account in the

oS Was also performed
on the phantom scans to check for any systematic errors, for all applied B gradient

strengths and B, between 97.5 - 102.5%.

All data analyses were performed in Matlab (version 20158, Mathworks, Natick, MA,
USA). IBM SPSS (version 21.0) was used for statistical analysis. Median T, ., values
and full ranges are reported. Wilcoxon signed-rank tests (significance level p<0.05)
were used to compare CSF T, times in the lateral and fourth ventricles with the

periphery to explore the observed T, differences.

Results

Phantom measurements

Figure 3 shows the results of the phantom measurements for the B, dependency
(Figure 3A) and B, gradient dependency (Figure 3B). The CSF T, mapping sequence
resulted in a T, time of 1.71 s (95% confidence interval (Cl): 1.66 - 1.76 s) for B, of
100+2.5% and B gradient strength of 0 mT/m. The sequence showed only minor
B, sensitivity (assessed in the scans with B gradient strength of 0.5 mT/m), with T,
times ranging from 1.41 5 (95% Cl: 1.38 - 1.43 s) at B, of 85+2.5% to 1.49 s (95% ClI:
1.40-1.575) at B, of 105+2.5%. Also minor B, gradient dependency was observed.
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Figure 3 Results of the phantom measurements for the B, (A) and B, gradient dependency (B), showing
the fitted T, times for different B;s and through-plane B, gradient strengths, respectively. The error bars
show the 95% confidence interval of the fitted T, times. The CSF T, mapping sequence shows only
minor sensitivity to B, and to the through-plane B, gradient, (and, thus, to diffusion). The effect of the
B, gradient was most apparent for the highest B, gradient. The B, dependency was determined with a
B, gradient strength of 0.5 mT/m to avoid FID artifacts in regions with B, deviating from 100%. For B,
gradient 0.2 mT/m the confidence interval was larger, this was due to FID artefacts.

In vivo measurements

A total of 35 CSF T, mapping scans was acquired, for both field strengths, and the
different resolutions. Per scan 3 fits were made, one per RO, resulting in a total of
105 fits (42 at 3T, 63 at 7T). Based on the strict requirement on minimum R?, 14 fits
were excluded (4 at 3T, 10 at 7T), which is 13% of the total number of fits (10% at
3T, 16% at 7T), see Table 2 for a detailed overview.

The in vivo results for the scans with resolution 1x1x4 mm?® are summarized in
Figure 4. The results for the other resolutions were not significantly different from
the data shown here (all data are shown in Tables $3, $4, and S5 in the supplemental
material). Although T, differences between the resolutions were not significant, in
most cases the shortest T, times were observed for the largest voxel sizes.

At 7T significantly shorter T, times were found compared to 3T. At 3T the T, times
measured in the periphery were significantly shorter compared to the lateral and
fourth ventricles. The T, times measured at 7T were not significantly different
between the three ROIs. At 3T, the median B, in the periphery was 85% (range: 79
—90%), while in the lateral and fourth ventricles B, was 109% (ranges: 106 = 112%
and 103 - 114%). The median B, gradient in the periphery was 0.13 mT/m (range:
0.07 = 0.38 mT/m), while in the lateral and fourth ventricles the median B, gradients
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Table 2. Number of excluded fits

cans (fits) Excluded fits
Lateral ventricles Fourth ventricle Periphery
1x1x4 7(21) 0 1 0
3 3x3x6 7(21) 2 1 0
Total 14 (42) 2 2 0
1X1x2 7(21) 0 1 0
m 1x1x4 7(21) 1 3 0
3x3x6 7(21) 1 4 0
Total 21(63) 2 8 0

Number of acquired scans and performed T, fits, and the number of excluded T, fits per ROL.

were 0.02 mT/m and 0.03 mT/m, respectively (ranges: 0.02 — 0.06 mT/m and 0.01
—0.03 mT/m). At 7T lower B, values in the periphery and the fourth ventricle were
observed (median 86% (range: 75 — 94%) and 93% (range: 62 — 101%), respectively),
and higher B, in the lateral ventricles (median 111% (range (109 — 116)). Similar
B, gradients were observed in the three ROIs (median 0.07 mT/m (range (0.03 -
0.10 mT/m), 0.06 mT/m (range (0.04 — 0.08 MmT/m), and 0.06 mT/m (range: 0.05
- 0.09 mT/m), for the lateral ventricles, the fourth ventricle, and the periphery,
respectively).

Partial volume assessment

Figure 5 shows the results for the additional analysis of peripheral CSF to assess
the influence of partial volume. The partial volume correction resulted in longer T,
times, with an increase of 118 ms at both 3T and 7T. This T, increase was significant
at 7T. At 7T the corrected peripheral CSF T, was quite similar to the ventricular T,
(1.01 vs 1.05 s), while at 3T the mean peripheral T, was still approximately 200 ms
shorter than the ventricular T, times (1.79 s (range 1.49 - 1.82 s) vs 2.03 s (range
1.73-2.16's), p=0.02). The results for this analysis of the phantom data is shown in
Figure 6. Both analysis methods (including all TEs or only the longest TEs) resulted in
similar T, times, indicating no systematic errors in the additional analysis with only
the longest TEs.
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Figure 4n vivo results: T, (A), B, (B), and B, gradient (C) values for the three different ROIs. Outliers are
represented by a square symbol. Significant differences in measured T, were found between the
periphery and the lateral and fourth ventricles at 3T (indicated using the asterisk symbol).
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Figure 5T, times of peripheral CSF, resulting from the use of only the longest TEs, compared with the
original analysis, at 3T (A) and at 7T (B). Outliers are represented by a square symbol. At both 3T and
7T an increase in T, can be observed. The asterisk symbol indicates a significant difference with the
original analysis (including all TEs).

Figure 6 T, times of the phantom, resulting from the
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the original analysis (blue). Both analyses result in
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12
o
0.8
04 All TEs
Long TEs
O n

0 0.1 0.2 0.3 04 0.5
Bo gradient [mT/m]

95



Chapter 5

Discussion

In this research we have shown the feasibility of CSF T, mapping at 7T with a
dedicated CSF T, mapping sequence based on T, preparation, which was initially
developed at 3T. We investigated the sensitivity of this sequence for the influence
of B,, diffusion (B, gradient), and partial volume effects. The sequence appeared to
be relatively insensitive to B, and B inhomogeneity. Partial volume effects tend to
lower the observed T, times at the periphery. T, .. was considerably shorter at 7T
was significantly shorter than

2,CSF

compared to 3T in all three ROIs. The peripheral T

2,CSF
the ventricularTZCSF at 3T (but not at 7T).

The peripheral T, . increased considerably upon partial volume correction, as
obtained from the analysis with only long TEs (>10 times tissue T) The partial
volume correction for the SE-EPI sequence, which was used as relatively B -
insensitive reference (data shown in supplement), did not significantly increase
the T, times, although the SE-EPI sequence showed an even larger T, difference
between the periphery and ventricles. The ventricular T, times measured with
the CSF T, mapping sequence at 3T match with T, times found in literature (7, 10,
19, 20). Given our results, we believe that the observed T, difference between the
ventricular and peripheral CSF could be partly due to physiological differences.
However, the different results for different sequences and field strengths and the
confounding influence of partial volume will make it challenging to accurately
isolate and quantify any true physiological effect from confounders. This will
hamper applications in research focusing on in vivo evaluation of the (regional)
composition of CSF.

In the phantom measurements only minor B, dependency was found for the
CSFT, mapping sequence, as shown in Figure 3A. Also, the measurements with an
increasing through-plane B, gradient showed only limited B gradient dependency,
except for the highest B, gradient (0.5 mT/m), as shown in Figure 3B. In the in
vivo measurements the B, gradient was similar between the periphery and the
ventricles at 7T, and differed by maximally 0.38 mT/m (median B gradient was 0.13
mT/m) at 3T (shown in Figure 4C). This difference in B, homogeneity between 3T
and 7T is probably due to different shimming techniques: image based third order
shimming was used at 7T, and linear shimming was used at 3T. The low sensitivity
to B, gradient shows that the T, mapping sequence is relatively insensitive to
diffusion. It is not likely that B gradients due to imperfect shimming contributed

considerably to the observed difference in T, between periphery and ventricles.
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The different resolutions used at both field strengths did not yield considerably
different T, times (shown in Tables $3-S5 in the supplemental material), although
there is a trend of longer measured ventricular T, times for smaller voxel sizes at 3T,
similar to De Vis, et al. (2015) (10). As the ventricular ROIs were eroded, the voxels
at the edges, where more partial volume is expected, were discarded. For the
periphery however, erosion was not feasible due to the thin ROI shape. Moreover,
the ROI definition was based on an intensity threshold, which depends on the CSF
fraction in each voxel. Since the total subarachnoidal CSF volume is quite small, and
distributed over a relatively large area (21), partial volume is probably presentin all
peripheral ROls, independent of the voxel sizes used in this work.

The role of partial volume effects regarding the measured peripheral T as

2,CSF W
investigated by using the longest TEs only (Figure 5), to maximally remove the
influence of partial volume. It could seem unexpected that the use of the late TEs
is already relatively
long compared with the tissue T,. The T, of grey matter is approximately 90 ms
at 3T (78, 22) and 55 ms at 7T (18, 23), while the first TE was 600 ms. However, it is
possible that partial volume occurs with a compartment with a relatively long T, at
the cerebral cortex, like arterial blood (T, around 150 ms at 3T (24, 25)) or the outer
rim of the cortex (unknown but long T, (>100 ms) at 7T (26)). At the shortest TE

(600 ms), the signal of arterial blood has decayed to 2%. However, in case of small

reveals considerable partial volume effect, since the first TET}Wep

T2prep

partial volume fractions of CSF in the periphery, this could still have a considerable
influence on the measured T.. The outer layer of the cerebral cortex (layer I) may
have a long T, due to the fact that it contains almost no neuronal cell bodies, and
many glial cells instead, similar to gliotic lesions, which also have a long T, (26).

De Vis et al. (10) found a T difference of 609+133 ms between the periphery and
the ventricles at 3T, Qin found a T, difference of 420+155 ms at 3T. Also in this
work a shorter T, .. was measured in the periphery compared with the ventricles,
as shown in Figure 4A. This T, difference is larger at 3T compared with 7T: the T,
difference is 365 ms at 3T, and 161 ms at 7T, which is 18% and 15% relative to
the T, in the lateral ventricles, for 3T and 7T respectively. Partial volume correction,
which led to a peripheral CSF T, increase of 118 ms at both field strengths (Figure 5),
resulted in remaining T, differences of 247 and only 43 ms for 3T and 7T, respectively.
Thisis a T, difference of 12% and 4% relative to the ventricular CSF T, for 3T and 7T,
respectively. A relatively larger T, difference was found when a SE-EPI sequence
was used, which remained largely unchanged after partial volume correction (data
shown in supplement).
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These results indicate a true T, difference between peripheral and ventricular CSF. A
potential physiological explanation for this observed T, difference could be sought
in differences in e.g. O,, protein, and/or glucose levels, since these substrates are
knownto decreaseT2 (20,27-29). However, relatively large concentration differences
are necessary to bridge the difference between peripheral and ventricular T, ..
So although differences in CSF composition may partly cause the observed T,

difference, it seems unlikely that this is the only contributor.

The shorter in vivo CSFT, at 7T compared to 3T (Figure 4A), is in line with published
in vivo measurements by Daoust et al. (20). However, Daoust suggested that the
T, of CSF is not field strength dependent, but that residual field gradients cause
errors in in vivo measurements at higher field strengths. If the T, measurements are
strongly dependent on residual gradients, one might expect that the T, difference
between periphery and ventricles observed at 3T is also largely due to residual
field gradients, such as B, gradients. However, the CSF T, mapping sequence used
in our study showed negligible B, gradient dependency for the measured T, up
to and including 0.3 mT/m, while the observed B gradients in the brain were
between 0.07 — 0.38 mT/m, and on average well below 0.20 mT/m. The limited
diffusion sensitivity of the CSF T, mapping sequence is also visible from the results
of the long TE analysis on the phantom measurements. The measured T, remained
unchanged when only long TEs (with stronger diffusion weighting) was used (see
Figure 6).

Before CSFT, mapping can be used as a parameter to study diseases such as cerebral
Small Vessel Disease, several uncertainties need to be resolved. It is not yet clear
to what extent the T, difference between ventricular and peripheral CSF reflects
physiological differences in CSF composition. The CSFT, mapping sequence shows
amuch smallerT, difference compared with SE-EPI, while the difference also varies
with field strength. Overall, the T, difference between peripheral and ventricular
CSF could (partly) be explained by (a combination of) physiological differences.
The possibility that the shorter peripheral T, is entirely caused by an artefact, like B
gradients caused by imperfect shimming and/or partial volume effects between
tissue, blood, and CSF, seems unlikely.

Care should be taken when interpreting T, measurements of CSF, and more work
is necessary to find the true explanations for the T, differences between 3T and 7T
and between the peripheral and ventricular CSF at 3T.

The major limitation of this work is that it is an observational study, which limits
the extent to which underlying mechanisms causing the observations can be
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identified. Despite the efforts to separate the effects of partial volume and true
physiological differences, it remains uncertain to what extent the observed shorter
peripheral T

5cqr IS due to different CSF compositions.

Furthermore, the statistical power of this study was limited by the small number
of subjects combined with the stringent R? criterion, which resulted in a relatively
large dropout of ROIs.

Moreover, only macroscopic B, gradients could be determined in the in vivo scans,
and the magnitude of microscopic, subvoxel B gradients remains unknown.

Finally, no in vitro CSF sample was used to validate the in vivo measurements. In
vitro CSF is prone to changes in e.g. O, content compared with in vivo CSF, which
may induce T, differences between in vitro and in vivo CSF.

Conclusion

CSFT, mapping with a dedicated sequence is feasible at both 3T and 7T, and yields
shorter CSF T, times at 7T compared to 3T. At 3T shorter T, times were found for
peripheral CSF compared to ventricular CSF, at 7T this effect was much smaller.
Partial volume effects can partly explain this T, difference, but a physiological
contribution to the difference in T, between ventricular and peripheral CSF is
possible. The different results between different sequences and field strengths, and
the confounding influence of partial volume, will make it challenging to accurately
isolate and quantify any true physiological effect for applications in research
focusing on in vivo evaluation of the (regional) composition of CSF.
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Supplemental material

T, mapping with a single echo SE-EPI sequence with various TEs as
truly B, insensitive reference for the CSF T, mapping sequence

Methods

SE-EPI sequence

As a reference for the CSF T, mapping method a single echo SE-EPI sequence
was used that is equal to the readout in the CSF T, mapping sequence, but with
increasing (very) long TEs (Figure S1). Crushers were applied before and after the
refocusing pulse to crush the free induction decay signal from the refocusing
pulse in case of an imperfect 180° pulse (inhomogeneous B,). To minimize motion
sensitivity, some modifications were made: the slice rewinder gradient was applied
directly after the slice excitation pulse, while the phase encoding gradient was
applied just prior to the EPI readout train. The motion sensitivity of the crusher

180°
90°
/\ Readout
RF v aj-s
TE Tde\ay
F W
P U

s = [l
U

Figure $1Single echo SE-EPI pulse sequence. ForT, mapping, the echo time TE was varied. The applied
RF pulses are shown on the RF axis, the applied gradients are shown on the frequency (F), phase (P), and
slice (S) encoding axes.

gradients around the 180° refocusing pulse is limited, due the relatively slow flow
of CSF (around 2 =4 mm/s (7)) and the short spacing between both crusher lobes.
The shortest TE used was aimed to be shorter than the first non-zero TE for the CSF
T, mapping sequence, since the SE-EPI sequence has a higher diffusion sensitivity.
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T, mapping of cerebrospinal fluid at 3T and 7T MRI

The longest TE was aimed to be in the same range as the longest TE for the CSF
T, mapping sequence. Therefore the TEs were heuristically defined according to
the following formula: TE = 240 + 45:n?, for the n'™ acquisition. This resulted in the
following TEs: 240, 285, 420, 645, 960, 1365, 1860, 3120, 3885, and 4740 ms. After the
readout a fixed delay time (Tde‘ay) was applied. The other parameters are specified at
the description of the in vivo measurements.

Phantom experiment

A single slice was acquired with 3x3x6 mm? resolution, FOV 240x96 mm?,
sensitivity encoding (SENSE) (2) factor 1,and TR of 15 s, resulting in Tde‘ay of 147 s. A
series of T, maps with increasing through-plane B gradients was acquired to study
the effect of diffusion for both sequences for B, 100%. The following through-plane
B, gradient strengths were applied by adding this strength to the linear shim term
in the user interface: 0, 0.05, 0.1, 0.2, 0.3, and 0.5 mT/m. The acquisition with the
highest B, gradient was used to study the B, dependency of the SE-EPI sequence,
similar to the CSF T, mapping sequence.

In vivo experiment

The SE-EPI scan was acquired in all seven volunteers, in a single coronal slice
(identical slice as the CSF T, mapping sequence). The scanning parameters are
summarized in Table S1. Shared parameters were: SENSE factor 2.3 in left-right
direction, FOV 240x240 mm?Z. The fixed T , after image acquisition was 14.7 s and
TR varied between 15 — 19s, depending on TE.

dela

Data analysis

Table S1. Scan parameters Scan parameters used for the in vivo experiments for the SE-EPI sequence.

. TE ot BW (phase/freq) Scan dur.
Resolution [ms] EPI factor (Hz/voxel] [min]
1X1x4 240~ 4740 105 83/978 3:30
3T
3X3x%6 240 -4740" 67 23.7 /1806 3:30
1X1%2 240 - 4740 107 85/1103 3:30
m 1x1x4 240 -4740" 107 85/1103 3:30
3X3X6 240 - 4740 37 56.3/2626 3:30

' The used TEs were: 240, 285, 420, 645, 960, 1365, 1860, 2445, 3120, 3885, 4740 ms
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Data analysis was identical to the data analysis of the CSF T, mapping sequence.

The in vivo ROl masks were made by applying an intensity threshold (25% of the
maximum intensity in the scan) to the first echo time for the SE-EPI sequence (TE,.
e = 0.24 ), leading to similar ROIs compared with the CSF T, mapping sequence.

For the partial volume assessment only TEs of minimally 960 ms were taken into
account in the analysis. The minimum TE of 960 ms is shorter than the minimum TE
of 1200 ms for the CSF T, mapping sequence, since shorter T, times were expected
to be found for the SE-EPI sequence due to higher diffusion sensitivity.

Results

Phantom measurements

Figure 52 shows the results of the phantom measurements for the B, (Figure S2A) and
B, gradient (Figure $2B) dependency. For B, of 100£2.5% and B, gradient O mT/m, the
T, time obtained with the SE-EPI sequence was 0.96 s (95% confidence interval (Cl):
0.86 — 1.05 s). The SE-EPI sequence showed no B, dependency, but considerably
shorter T, times were found for increasing B gradients.

In vivo measurements

201 20 ¢
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Figure S2 Results of the phantom measurements for the B, (A) and B, gradient dependency (B), showing
the fitted T, times for different B;s and through-plane B, gradient strengths, respectively. The error bars
show the 95% confidence interval of the fitted T, times. The SE-EPI sequence shows overall shorter T,
times than the CSF T, mapping sequence. The SE-EPI sequence is insensitive to B,, but shows shorter T,
times for increasing B, gradient strengths.
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In one volunteer the SE-EPI scan at 3T (both resolutions) could not be acquired
due to time constraints. A total of 33 SE-EPI scans were acquired, for both field
strengths, and the different resolutions. Per scan 3 fits were made, one per RO,
resulting in a total of 99 fits (36 at 3T, 63 at 7T). Based on the strict requirement
on minimum R?, 21 fits were excluded (8 at 3T, 13 at 7T), which is 21% of the total
number of fits (22% at 3T, 21% at 7T), see Table S2 for a detailed overview.

The in vivo results for the SE-EPI scans with resolution 1x1x4 mm? are summarized

Table S2. Number of excluded fits

Excluded fits
Scans (fits)
Lateral ventricles Fourth ventricle Periphery
31 1X1x4 6(18) 1 1 0
3X3%6 6(18) 1 5 0
Total 12 (36) 2 6 0
1X1%x2 7(21) 0 2 0
il 1X1x4 7(21) 1 1 1
3X3%x6 7(21) 3 4 1
Total 21(63) 4 7 2

Number of acquired scans and performed T, fits and the number of excluded T, fits per RO, for the
SE-EPI sequence.

in Figure $3. At both 3T and 7T the T, times measured in the periphery were
significantly shorter compared to the lateral ventricles. In all ROIs and for both field
strengths, considerably shorter T, times were measured with the SE-EPI sequence
compared to the CSF T, mapping sequence. The results for the other resolutions
were not significantly different from the data shown here (all data, for both the SE-
EPI sequence and the CSFT, mapping sequence, is shown in Tables $3, 54, and S5).

Partial volume assessment

The results for the additional analysis of the peripheral CSF with the longest TEs
only are shown in Figure $4. At 3T, the peripheral CSF T, increased with 83 ms at 3T,
although this was not significant. At 7T, no difference was observed between the
corrected and uncorrected peripheral CSF T,

For the phantom data this analysis with only the longest TEs resulted in shorter T,
times (Figure S5). This T, shortening was larger for larger B gradients.



Chapter 5

20 120}
im = 030
L5 100} o S
g ) :
= £ £ 020
=10 . o = 3
é o 80F o 5
" &
05 o !B@ 010 é
60t ?
=
0 i : 0 = :
3T 7T 3T 7T 3T 7T

Wl Lateral ventricles @@ Fourth ventricle [ Periphery

Figure S3 In vivo results: T, (A), B, (B), and B, gradient (C) values for the three different ROIs. Outliers are
represented by a square symbol. Significant differences (indicated with the grey asterisk symbol) were
found between the periphery and the lateral ventricles for the SE-EPI sequence, at both field strengths
(indicated using the asterisk symbol).
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Figure S4 T, times of peripheral CSF, resulting from the use of only the longest TEs, compared with the
original analysis, at 3T (A) and at 7T (B). Outliers are represented by a square symbol. For the SE-EPI
sequence the T, increased only at 3T, but this was not significant.
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Table S3. In vivo results, lateral ventricles

T, mapping of cerebrospinal fluid at 3T and 7T MRI

Tl [s] Bn gradient [mT/m] B1 [%] ROl size [mm?]
median median median median n

(average+SD) (average+SD) (average+SD) (average+SD)
T-prep 1x1x4 203 (1.99+£0.16)  0.025(0.029+0.016) 109 (109+2) 122 (128+85) 7
- ’ 3x3x6  1.96(2.02+0.10)  0.032 (0.034+0.017) 111 (111£1) 54 (68+54) 5
SE-EP| Ix1x4 1.28(1.30£0.11)  0.024 (0.023+£0.004) 108 (108+2) 127 (148+£101) 5
3x3x6  1.13(1.16+£0.24)  0.029 (0.036+0.023) 109 (109+2) 54 (65+57) 5
1x1x2  1.07(1.12£0.17)  0.059 (0.063+£0.028) 110 (108+8) 98 (103£95) 7
Trprep 1x1x4 1.05(1.04+007)  0.068 (0.066+0.027) 1(110+5) 87 (83+54) 6
- 3x3x6  1.06(1.04+0.07)  0.062 (0.069+0.034) 3(110£9) 59 (63+55) 6
1x1x2 064 (0.66£0.13)  0.057 (0.066+0.038) 0(110+7) 123 (115£96) 7
SE-EPI 1x1x4 061 (0.65£0.12)  0.055 (0.064+0.034) 1(109+8) 90 (111+£110) 6
3x3x6  0.55(059+0.15)  0.068 (0.076+0.049) 110 (109+11) 54 (65£50) 4

T, B, and B values for the lateral ventricles, and the ROl sizes and number of included fits, n, for both

28

the CSF T, mapping sequence (T,-prep) and the SE-EPI sequence.

Table $4. In vivo results, fourth ventricle

T,[sl B, gradient [mT/m] B, [%] ROI size [mm?]
median median median median n
(average+SD) (average+SD) (averageiSD) (average+SD)
T-prep 1X1x4 208 (2.04+0.16)  0.028 (0.024+0.009) 2(110+5) 75 (86+29) 6
2 3x3x6  1.99(1.97+£0.19)  0.029 (0.023+0.012) 2(110+£5) 14 (20+13) 6
i SE-EPI IX1x4 1.30(1.25£0.32)  0.027 (0.024+0.011) 2(11045) 79 (84£26) 5
3X3X6 147 (1.47+0) 0.004 (0.004+0) 100 (100+0) 27 (27+0) 1
I1x1x2  1.12(1.144021)  0.049 (0.049+0.021) 91 (86%13) 8 (58+24) 6
Tprep 1x1x4 096 (0.96£0.06)  0.056(0.057+0.016) 96 (89+18) 60 (64+30) 4
- 3x3x6  1.04(1.14+£0.28)  0.051(0.047+0.014) 92 (93+2) (21 +14) 3
1x1x2 0.75(0.74+0.09)  0.042 (0.044+0.016) 94 (92+9) 2 (56+31) 5
SE-EPI' 1x1x4 061 (0.62+0.15)  0.058 (0.052+0.020) 94 (88+14) 43 (52432) 6
3x3x6 0.73(0.73+0.08)  0.058 (0.047+0.026) 92 (9149) 18 (18+0) 3

T, B, and B values for the fourth ventricle, and the ROI sizes and number of included fits, n, for both

2

the CSFT, mappmg sequence (T -prep) and the SE-EPI sequence.
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Table S5. In vivo results, periphery

Tz [s] B0 gradient [mT/m] B1 [%] ROl size [mm?]
median median median median n

(average+SD) (average+SD) (average+SD) (average+SD)
IX1x4 167 (1.61+£0.13)2°  0.129(0.194+0.118) 85 (86+4) 632 (664+244) 7
Tprep 3x3x6 159 (1.60+0.12)**  0.094 (0.150+0.143) 87 (87+4) 1161 (1103+£329) 7
g Ix1x4 076 (0.74£0.10)®  0.143(0.187+0.111)  85(85+3)  818(774+£245) 6
o 3x3x6  0.74(0.72£0.10)°  0.114(0.173+0.123) 86 (86+3) 1283 (1248+352) 6
Tx1x2  0.93(094£0.10)° 0062 (0.067£0.014)  85(84+7) 421 (456£119) 7
T-prep 1X1x4  0.89(092+0.10) 0061 (0.066+0.014) 85(85+7)  484(493£109) 7
. 3x3x6  091(0.93+0.10)  0.074(0.076+0.015)  85(85+6)  936(928+224) 7
! 1x1x2 046 (0.46+0.08)** 0.077 (0.080£0.031) 86 (86+8) 501 (493+119) 7
SE-EPI 1x1x4 045 (0.45+£0.08)% 0.080(0.081+0.028) 88(88+7) 462 (471x122) 6
3x3x6 043 (045+0.08) 0.077(0.075+£0.015) 86 (86+5) 684 (720+207) 6

T, B,, and B, values for the periphery, and the ROI sizes and number of included fits, n, for both the
CSF T, mapping sequence (T,-prep) and the SE-EPI sequence. a) significant compared to the lateral
ventricles, b) significant compared to the fourth ventricle.
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Figure S5T times of the phantom, resulting from the use of only the longest
TEs (orange), compared with the original analysis (blue). For the SE-EPI
sequence the T, times were shorter for the analysis using only the longest
TEs. The difference increased for an increasing B gradient.
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T, mapping of cerebrospinal fluid at 3T and 7T MRI

Discussion

For the SE-EPI sequence the peripheral T, .. was significantly shorter than the

ventricular T,___at both 3T and 7T.

2,5CF

2,CSF

In the phantom measurements no B, dependency was found for the SE-EPI
sequence, similar to the CSF T, mapping sequence, as shown in Figure S2. The
measurements with an increasing through-plane B, gradient resulted in shorter
T, times for larger B, gradients. Only a relatively small gradient was needed to
find shorter T, times for the SE-EPI sequence, while a much larger gradient was
needed to find shorter T, times for the CSF T, mapping sequence (Figure 3B). This
can be explained by the longer echo spacings compared with the CSFT, mapping
sequence, whichincreases the sensitivity for diffusion (3). Higher diffusion sensitivity
for the SE-EPI sequence is also apparent from the analysis including only the
longest TEs: shorter T, times were obtained for the SE-EPI sequence when only the
longest echo spacings (longest TEs) were included. In contrast, the CSF T, mapping
sequence showed similar results when only the longest TEs were included, for all
B, gradient strengths. The difference in diffusion sensitivity of both sequences is
further illustrated by the relative difference in b-value for both sequences which
can be readily computed from the echo spacing and the number of refocusing
pulses (4): the b-value of the SE-EPI sequence is 20 to 986 times larger compared to
the CSF T, mapping sequence, for TEs 600 — 4800 ms, respectively. The difference
in diffusion sensitivity is also visible in the different behavior of the long TE analysis
on the phantom measurements. For the SE-EPI a shorter T is measured when only
long TEs (with stronger diffusion weighting) are used, while this is not the case for
the CSFT, mapping sequence (compare Figure 6 with Figure S5).

Partial volume correction showed a relatively small T, increase (approximately
80 ms) at 3T, but this was not significant. At 7T the T, times did not change.
This suggests that for the SE-EPI sequence the observed T, difference between
ventricular and peripheral CSF is (predominantly) not caused by partial volume
effects. However, the T, times measured with this sequence are much shorter
compared with the CSF T, mapping sequence, probably due to its high sensitivity
for diffusion and flow. If the partial volume effect in the CSF T, mapping sequence
is indeed caused by arterial blood or relatively free water in the outer rim of the
cortex, the diffusion sensitivity of the SE-EPI sequence may decrease the sensitivity
for partial volume effects from this compartment. Alternatively, it is possible that
microscopic gradients around the (venous) vasculature at the brain surface induce
a shorter T, due to the diffusion sensitivity of the SE-EPI sequence, and that this
effect cannot be corrected by choosing longer TEs.
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The T, difference between peripheral and ventricular CSF was 517 ms at 3T, and
160 ms at 7T, a relative difference of 40% and 26% compared with the T, in the
lateral ventricles. After partial volume correction, the T, difference decreased to 433
ms for 3T, a difference of 33% relative to the ventricular CSFT,, and was unchanged
at 7T.Thus, a much larger T, difference between peripheral and ventricular CSF was
found compared with the CSFT, mapping sequence. The T, difference at 3T can be
partly explained by the larger B gradients in the periphery, butat 7T the B gradients
were similar for all ROls. Furthermore, overall shorterT2 times were found compared
with the CSF T, mapping sequence. The SE-EPI sequence is more sensitive to flow
and diffusion than the CSF T, mapping sequence, which uses multiple refocusing
pulses with a fixed echo spacing that is shorter than the shortest TE used in the
SE-EPI sequence. The higher flow and diffusion sensitivity of SE-EPI might (partly)
cause the larger T, difference between peripheral and ventricular CSF. The CSF
flow in the periphery is lower compared with the ventricles and cannot explain a
shorter peripheral T,, but diffusion effects around the blood vessels on the cortex
may be relatively strong. Since the ventricular walls are not covered with blood
vessels, diffusion effects may be relatively small in the ventricles in areas away
from the choroid plexus at the base of the ventricles. Based on Kiselev, et al. (5),
the level of signal dephasing due to diffusion around blood vessels is larger at 7T
compared with 3T. This would imply a larger difference between peripheral and
ventricular T, at 7T, contrary to our observations. It is conceivable, however, that
the relative contribution of macroscopic field inhomogeneity to diffusion related T,
shortening is larger at 7T than at 3T for the SE-EPIT, mapping, which could partially
mask regional differences in microscopic field inhomogeneity. This is, however, not
supported by the measured B, gradients from the B, maps that were acquired in
vivo. As we used image based third order shimming at 7T, the shimming at the
periphery seemed to be better at 7T than 3T, where linear shimming was used.

The SE-EPIsequence resulted in different T, times compared to the CSF T, mapping
sequence, partly due to a different sensitivity to e.g. flow and diffusion effects. The
effects of these confounding factors on the observed T, times were not studied
thoroughly in this work.

Moreover, for the phantom measurements with increasing B, background gradient,
the acquired signal decay profile showed some deviation from a single exponential
decay profile due to relatively stronger diffusion effects for longer TEs. For the in
vivo data however, the acquired signal decay only showed minor deviation from a
single exponential decay profile. Some in vivo scans were excluded based on the
minimum R? of 0.99, this was mainly due to motion and/or the presence of flow
voids in the data.
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T, mapping of cerebrospinal fluid at 3T and 7T MRI

Finally, for the SE-EPI sequence at 7T, the measured peripheral CSF T, was 450 ms.
For the partial volume correction a minimum TE of 960 ms was used, almost double
the CSFT.. This may decrease the sensitivity for small T, changes.
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Summary

The current gold standard for imaging diseases such as cerebral Small Vessel
Disease (SVD) is the assessment of structural tissue damage using anatomical MRI.
However, the tissue damage is merely an (irreversible) consequence of the disease,
while the underlying pathology of the blood vessels is not well known and very
difficult to visualize. A potential solution could be found in quantitative MRI (GMRI),
as this can be used to acquire information that goes beyond structural imaging. As
the brain fluids are in connection to both the blood vessels and the brain tissue,
gMRI of brain fluids may offer a window on the brain in health and disease.

The overall goal of this thesis was to explore quantitative MRI measurements of
brain fluid properties as a potential measure to study diseases such as SVD. In this
work we explored the mapping of perivascular spaces (PVS) count, cerebrospinal
fluid (CSF) production rate, and CSF composition differences.

We presented an automatic method to annotate PVS and demonstrated that this
method performs well in high-resolution T -weighted MRI images acquired at 7T
(Chapter 2). Additionally, the method can determine the PVS length and tortuosity,
thereby generating additional PVS metrics that are difficult to obtain manually.
However, 3T MRIis much more widely available than 7T MRI, and therefore a method
to accurately determine the PVS count using low-resolution scans acquired at 3T
would be very valuable. As the PVS count in the low-resolution scans depends
strongly on the used scan sequence and resolution, PVS annotation is likely not a
suitable method in these scans. Therefore, texture features of the 3T images were
explored as measure for the PVS count in the 7T images. However, we could not
successfully estimate the PVS count as observed in the high-resolution images
with the texture features in the low-resolution images acquired at 3T (Chapter 3).

Subsequently, we showed that net CSF flow PC-MRI measurements in the cerebral
aqueduct are confounded by respiration (Chapter 4). As a result, the reproducibility
of the net CSF flow measurements was poor. Including also respiratory gating in the
net CSF flow PC-MRI measurements resulted in strongly improved reproducibility.
Furthermore, it was found that net flow difference between inspiration and
expiration correlates with stroke volume.

Finally, T, differences between CSF in the ventricles and CSF in the subarachnoid
space have been previously reported, and were hypothesized to be caused by CSF
composition differences. In Chapter 5 this CSF T, difference was reproduced, but
it was also found that confounding factors of i.e. partial volume and B -gradients
also contribute to the observed CSF T, difference between the ventricles and the
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subarachnoid space. Due to these confounding factors it appeared to be very
difficult to separate the effect size of intracranial CSF composition differences on
the measured CSF T times.

In this Discussion chapter the value and challenges of quantitative MR
measurements of CSF will be discussed and potential solutions will be explored.
Also, the results presented in this work will be compared with other non-invasive
and invasive quantitative CSF measurements.

Exploring potential solutions for the challenges in qMRI of brain fluids

Perivascular spaces

Fully automatic PVS annotation offers the possibility to incorporate the PVS count
as a parameter in large clinical research studies. To determine the PVS load in the
brain, also the total intracranial tissue volume and/or the level of atrophy could be
taken into account, rather than only the PVS count.

A fundamental problem remains for PVS annotation: the PVS can be very small,
i.e. in the micrometer range (7), and are thus close to the noise-level. Therefore
good validation is necessary before automatic PVS annotation can be applied in
clinical research studies. This may be achieved by using phantom studies, with for
example a 3D-printed phantom (2). In such a phantom the T - and T - relaxation
properties should be similar to the in vivo values, to achieve a similar MRI contrast
compared with the in vivo scans. Additionally, in silico studies using digital
phantoms can be performed (3). MR images can be calculated using the digital
phantoms as input, and these MR images are then used as input for the automatic
post-processing method for PVS annotation. In both the real and digital phantoms
all PVS parameters, such as count, diameter, length, and tortuosity, are known. This
offers good validation for PVS annotation by human observers, and for automatic
PVS annotation.

The structural details that can be observed with anatomical MRI will remain limited,
as a decrease in voxel size, and thus an increase in resolution, is accompanied by
an increase in scan time and a decrease in signal to noise ratio (SNR). Even a small
decrease in voxel size (for example, from 0.8 to 0.7 mm isotropic) has a large effect
on the scan time and SNR (4). As a result, detection of all small PVS in anatomical
MRI scans is not feasible. Therefore, also alternative techniques, such as diffusion
weighted imaging (DWI), T, imaging, or imaging with extremely long echo times
(5-7), could be explored to determine the total PVS volume.
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Currently, the PVS count can be annotated accurately in high-resolution scans
acquired at 7T MRI In contrast, only the large PVS can be annotated in lower-
resolution scans acquired at 3T MRI, which appeared not to be representative for
the PVS count that can be acquired in high-resolution scans at 7T MRI. The white
matter texture measures in 3T MRI images also appeared to be unsuitable as a
measure for the PVS count observed in high-resolution scans. Thus, 7T MRl enables
the acquisition of PVS information that cannot (yet) be acquired at lower field
strengths.

However, given the wide availability of 3T MRI, the PVS load acquired in low-
resolution 3T scans could be more easily incorporated in clinical studies as
compared to the high-resolution 7T scans. Therefore, it may still be valuable to
investigate alternative analyses. For example, non-linear feature analyses or deep
learning methods may yield a measure for the PVS load (8, 9).

CSF flow

The key advantage of net CSF flow measurements with PC-MRI as a measure for
the CSF production rate is that it is a non-invasive and fast method. The current
gold standard for measuring the CSF production rate is an invasive method (70,
17), based on the Masserman method (72). Via a lumbar puncture or a ventricular
catheter first the baseline intracranial pressure is determined, then a volume of CSF
is collected, and finally the intracranial pressure increase is determined. The CSF
production rate can be calculated using the collected CSF volume, the intracranial
pressure decrease immediately after the CSF collection, and the intracranial
pressure increase rate (10). Alternatively, the CSF production rate can be determined
using the collected CSF volume and the time elapsed until the intracranial pressure
returned to baseline (77). The main disadvantage of this method is that this is
an invasive procedure, and complications can occur. Also, the accuracy of the
method is under discussion, as CSF absorption during the measurement cannot
be quantified (73), and in case of the lumbar puncture damping effects due spinal
stenosis can affect the measurements (717, 74).

PC-MRI of the aqueductal net CSF flow offers a non-invasive method to acquire a
measure for the CSF production rate in the lateral ventricles and the third ventricle.
The exact CSF production rate cannot be determined with these measurements,
as a small part of the choroid plexus, which produces the CSF, is located in the
fourth ventricle, which is located caudal to the cerebral aqueduct. Also, CSF flow
through the ependyma towards the periventricular white matter, which has been
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observed in hydrocephalus (75), might also occur in healthy subjects. PC-MRI has
often been used in (clinical) research studies (16-24). These studies occasionally
resulted in contradictory results: for example, in communicating hydrocephalus
patients cranially directed net CSF flows have been found (79, 217). We showed
that respiration is a strong confounding factor in the net CSF flow measurements
with PC-MRI, that can result in a cranially directed net CSF flow. The large influence
of respiration is probably related to the small net flow relative to the observed
stroke volumes. Given the strong confounding effect of respiration, the reliability
of the net CSF flow measurements in previous clinical studies is debatable.
Thorough investigation of the method and its possible confounding factors, such
as respiration, should have been performed prior to application of the method in
clinical studies.

Furthermore, we showed that the CSF dynamics over the cardiac and respiratory
cycles are correlated. This may be related to the system’s compliance to intracranial
blood volume variations. CSF flow measurements can thus offer the possibility to
characterize CSF dynamics over the cardiac and respiratory cycles. For such CSF
measurements it is important to also take the CSF flow at the cervical level into
account, as the CSF flow through the aqueduct is much smaller than the CSF flow
atthe cervical level (25). However, PC-MRI is not a suitable technique to characterize
the CSF dynamics and production rate, as both the respiration and cardiac cycles
contribute to the measured CSF flow. Alternatively, the DENSE sequence can be used
to measure CSF displacements over the cardiac and respiratory cycle separately
(26, 27). This method also offers the possibility of whole-brain measurements, so
that local CSF displacements can be determined. It is also possible to determine
the net CSF flow over the cardiac cycle, by selecting only measurements for the
same respiratory phase. This may result in a more robust estimate for the net CSF
flow, without the large confounding factor of respiration. Similarly, also the CSF
flow over the respiratory cycle may be determined. Finally, measurements of the
brain tissue displacements over the cardiac and respiratory cycles, could give a
more detailed assessment of the CSF dynamics and of the interplay between CSF
and tissue.

CSFT, mapping

Quantitative T, mapping could in principle provide valuable information on the
CSF composition. But although T, mapping of CSF is feasible, the interpretation of
the results appeared to be very challenging. For the T, mapping of CSF we used
the hypothesis that partial volume and CSF composition differences contribute
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to the T, difference between the subarachnoid space and the ventricles. CSF
composition differences of e.g. proteins and glucose could in theory account for a
total T, difference of approximately 30 ms at 3T, assuming a 10% difference in the
protein and glucose levels between the ventricular and subarachnoid CSF (28-32).
This T, difference could be further increased by varying potassium levels (33) and
possibly also by varying oxygen levels, as the CSF is produced from arterial blood
by the choroid plexus (34-36). However, our hypothesis could not sufficiently
explain the measured T, times, even after correcting for the confounding factors of
partial volume and B . Therefore, this method is not yet ready for use as a marker for
intracranial CSF composition differences.

As a solution, the CSF T, mapping method could be regulated further, for
example by improving B, shimming to minimize the confounding effect of B,
inhomogeneities. The effect of improved B shimming on the CSF T, mapping
method may be limited, as microscopic B gradients and diffusion effects around
the blood vessels at the brain surface will remain. The effect size of these gradients
and diffusion effects cannot be easily estimated. However, it is possible that such
microscopic B, gradients are similar between subjects. Furthermore, the presence
of partial volume in the peripheral CSF may be corrected by taking the (cortical)
atrophy into account.

It is likely that T, measurements of CSF are most suitable to assess differences
between groups, rather than individual differences, as this would reduce the
influence of remaining confounding effects of partial volume and B in individual
subjects. For example, shorter peripheral CSF T, times have been observed in
patients with cognitive decline by Van derKleijetal. (37). Also, the T, of the peripheral
CSF was correlated with the cerebral blood flow, indicating that the peripheral CSF
T, may be predictive for the local oxygenation in these patients. In this study longer
T, times were observed in subjects with decreased cerebral blood flow. This may
well be related to the microscopic B, gradients and diffusion effects around the
blood vessels at the brain surface: these gradients are likely smaller if the (local)
blood flow is reduced. This would then result in reduced signal dephasing and thus
in longer T, times.

To assess individual intracranial CSF composition differences also other techniques,
such as MR Spectroscopy (38, 39), could be pursued, or PET could be used to assess
e.g. CSF clearance (40). These techniques, i.e. MR Spectroscopy or PET, could also be
used in combination with the CSFT, measurements to gain better understanding of
the mechanisms underlying the measured T, times. However, in MR Spectroscopy
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large voxel sizes are required to achieve a sufficient SNR. As low resolutions increase
the problem of partial volume in the subarachnoid space, this issue would need to
be addressed. A potential solution may be to incorporate a T,-preparation phase in
the scan sequence, to remove the tissue signal.

Overall, the work presented in this thesis emphasizes the importance of
understanding the acquired quantitative MRl measurements. To do so, it is
important to build a robust model that can fully explain the measurements, as was
also argued by Novikov et al. (41). In such a model all confounding factors should
be incorporated. Alternatively, the experiments should be designed such that the
underlying model can be simplified and thus the number of confounding factors
is reduced, or the effect of the confounding factors on the measured parameters
should be equal between groups.

Value of gMRI of brain fluids

Quantitative measurements of brain fluids can potentially be very valuable in
research of brain disease, as brain fluids are in contact with both the intracranial
blood and the brain tissue. The most obvious application of such measurements
would be SVD, where gMRI of brain fluids could be used to study the earlier stages
of SVD before any structural tissue damage has occurred. However, brain fluids can
also be a valuable parameter in, for example, oncology (42), multiple sclerosis (43,
44), or epilepsy (45, 46).

The three brain fluid measurements, of i.e. the PVS load, CSF dynamics, and CSF
composition, supply different types of information, and may therefore be best
suited to investigate different pathologies. For example, in oncology the CSF
composition is likely the most interesting parameter, while the CSF dynamics would
be of interest in e.g. hydrocephalus. However, as the brain fluids are interconnected
it can also be argued that the brain fluid measurements are linked. For example,
in case of altered CSF dynamics also the CSF composition may be altered due
to an in- or decrease in CSF volume or flow. Thus, in hydrocephalus also the CSF
composition may be changed, additionally to the CSF dynamics, due to the altered
CSF production and/or absorption rates in this disease. Furthermore, an increased
PVS count and size has been linked to impaired brain clearance (47), which may also
affect the CSF composition. Therefore a combination of brain fluid measurements
should be used to gain better insight in the early stages of complicated diseases
such as SVD or Alzheimer’s Disease.
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Conclusion

SVD progress is difficult to assess in vivo, especially in the early stages of the disease
before tissue damage has occurred. In this thesis we investigated the value of
quantitative MRI of brain fluids for research of e.g. SVD. Determining the PVS load
using an automatic annotation method is a very promising technique. Extending
this method to annotate PVS in the whole brain can further increase the value of
this method. PVS texture analysis cannot yet be used to determine the PVS load
in 3T scans. However, more sophisticated analyses such as non-linear analyses, or
deep learning, can still be pursued. PC-MRI measurements of CSF proved to be
unsuitable as a measure for the CSF production rate, due to the confounding factor
of respiration. However, our measurements showed that the CSF flow over the
cardiac and respiratory cycles may provide a window to map the CSF dynamics
in greater detail. Finally, mapping of intracranial CSF composition (differences)
remains something for the future. On the other hand, it is possible that T, mapping
of CSF may give insight in CSF composition differences between groups of subjects.
Overall, we can conclude that brain fluids are a challenging parameter to use for
SVD research, and further developments are needed before this can be used in
clinical research.
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Dutch summary

De huidige gouden standaard om ziektes als Cerebral Small Vessel Disease (SVD) in
beeld te brengen, is het beoordelen van de weefselschade met anatomische MRI
beelden. Deze weefselschade is echter niet meer dan een (onomkeerbaar) gevolg
van SVD. Bovendien is de onderliggende pathologie aan de kleine bloedvaten
in het brein heel divers, grotendeels onbekend, en zeer moeilijk in beeld te
brengen. Een mogelijke oplossing kan gevonden worden in kwantitatieve MRI
metingen, aangezien deze gebruikt kunnen worden om functionele informatie te
verkrijgen die meer inzicht kan verschaffen in ziekteprocessen dan conventionele,
anatomische MRI beelden. Aangezien het hersenvocht in verbinding staat tot
zowel de bloedvaten als het breinweefsel kunnen kwantitatieve MRI metingen van
hersenvocht een mogelijke opening bieden om ook de vroegste stadia van ziektes
als SVD te bestuderen.

Het algemene doel van deze thesis is om kwantitatieve MRl metingen van
hersenvocht te onderzoeken als mogelijke maat voor het bestuderen van
ziektes als SVD. Daarvoor hebben we verschillende invalshoeken gekozen,
namelijk het kwantificeren van de perivasculaire ruimtes (PVS), het meten van
de productiesnelheid van de cerebrospinale vloeistof (CSF), en het bepalen van
verschillen in de samenstelling van de cerebrospinale vloeistof.

Perivasculaire ruimtes zijn ruimtes rond de (kleine) bloedvaten in het brein, die
gevuld zijn met vloeistof. Deze vloeistof lijkt sterk op de vloeistof in de ventrikels
(grote holtes) in de hersenen, de zogeheten liquor of CSF. De perivasculaire ruimtes
spelen een belangrijke rol voor het bewaren van homeostase in hetbrein. Zoworden
ze bijvoorbeeld geassocieerd met het afvoeren van afvalstoffen uit het brein. In
ziektes als SVD worden meer en grotere perivasculaire ruimtes waargenomen dan
in gezonde personen. In Hoofdstuk 2 is een automatische methode gepresenteerd
waarmee de perivasculaire ruimtes geannoteerd kunnen worden in T -gewogen
MRI beelden. We hebben laten zien dat deze methode goed werkt in hoog-
resolute 7T MRI beelden. Daarnaast kan met deze methode ook de lengte en
kronkeligheid van de perivasculaire ruimtes bepaald worden, maten die moeilijk
handmatig te verkrijgen zijn. Omdat 3T MRI echter veel breder beschikbaar is dan
7T MRI, zou een methode om het aantal perivasculaire ruimtes te kunnen bepalen
in 3T MRI beelden met een lage resolutie, zeer waardevol zijn. Aangezien het aantal
zichtbare perivasculaire ruimtes in laag-resolute beelden sterk samenhangt met de
gebruikte scan sequentie en de exacte resolutie van de scan, was de verwachting
dat het annoteren van perivasculaire ruimtes geen geschikte methode is voor deze
beelden. Daarom hebben we onderzocht of textuurmaten van de 3T MRI beelden
kunnen dienen als maat voor het aantal perivasculaire ruimtes in de hoog-resolute
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7T MRl beelden (Hoofdstuk 3). Er werd echter geen correlatie gevonden tussen deze
textuurmaten en het aantal perivasculaire ruimtes in de 7T beelden.

De cerebrospinale vloeistof, ofwel het CSF, heeft verschillende functies voor
het brein. Het CSF compenseert bijvoorbeeld voor het variérende intracraniéle
bloedvolume over de hart-en ademhalingscycli, en CSF wordt in verband gebracht
met het afvoeren van afvalstoffen uit het brein.

Er wordt vermoed dat de aanvoer van nieuw CSF belangrijk is voor het behouden van
homeostase in het brein. De algemene consensus is dat CSF wordt geproduceerd
doorde choroide plexus, en vervolgens vanuit de ventrikels via het cerebrale aquaduct
richting de subarachnoidale ruimte en de ruggengraat stoomt. Met fase-contrast
MRI wordt vaak de netto CSF stroming door het aquaduct over de hartslag bepaald
als maat voor de CSF productie. We hebben echter laten zien dat deze metingen
sterk beinvloed worden door de ademhalingscyclus (Hoofdstuk 4). Als gevolg hiervan
was de reproduceerbaarheid van de metingen slecht. Door de fase-contrast MRI
metingen te synchroniseren met de ademhaling kon de reproduceerbaarheid
sterk verbeterd worden. Daarnaast werd ook een correlatie gevonden tussen het
slagvolume en het verschil in netto CSF verplaatsing tussen in- en uitademing.

Bij ziekte kan de afvoer van afvalstoffen via het CSF verminderen, wat kan leiden
tot een veranderde samenstelling van CSF. Zo is bij de ziekte van Alzheimer de
concentratie van amyloid-{3 in CSF gereduceerd. In een eerder onderzoek werd een
T, verschilgevondentussenhet CSFinde ventrikelsen het CSFin de subarachnoidale
ruimte. Hierbij werd de hypothese gesteld dat dit T, verschil veroorzaakt wordt
door verschillen in de lokale CSF samenstelling. In Hoofdstuk 5 werd het T, verschil
gereproduceerd, maar werd ook gevonden dat factoren als partieel volume en
B,-gradiénten sterk bijdragen aan het T, verschil. Door deze verstorende factoren
bleek het in de praktijk onmogelijk om het effect van het intracraniéle verschil in
CSF samenstelling op de gemeten CSF T, tijden te onderscheiden.

In deze thesis hebben we de waarde van MRI onderzocht voor metingen aan
hersenvocht als parameter voor onderzoek naar bijvoorbeeld de vroege stadia
van SVD. De automatische methode voor het kwantificeren van perivasculaire
ruimtes is een veelbelovende techniek. Op dit moment kan met deze methode
één 2D plak geanalyseerd worden, in de toekomst kan dit worden uitgebreid
naar een 3D methode. De PVS kunnen nog niet gekwantificeerd worden in
3T MRI beelden, maar technieken als non-lineaire analyses of deep learning
kunnen wellicht uitkomst bieden. De fase-contrast metingen van netto CSF
stroming in het aquaduct bleken niet geschikt om de CSF productie te bepalen.



Onze resultaten lieten echter zien dat metingen van de CSF verplaatsing over
de hart- en ademhalingscycli wel de mogelijkheid bieden om de CSF dynamica
in het brein in meer detail te onderzoeken. Tenslotte bleek dat het bepalen van
intracraniéle verschillen in de CSF samenstelling op basis van de T, van CSF op
dit moment toekomstmuziek blijft. Het is echter wel mogelijk dat met de T, van
CSF meer inzicht verkregen kan worden in de verschillen in de CSF samenstelling
tussen groepen. We kunnen concluderen dat hersenvocht een zeer uitdagende
parameter is, en er zijn nog verscheidene hordes die overwonnen moeten worden
voor kwantitatieve MRI metingen van hersenvocht toegepast kunnen worden in
klinisch onderzoek.
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Beste Roy, bedankt voor het maken van de layout en cover van dit boekje, en voor
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wordt, maar bent ook altijd in voor een gezellig praatje!
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Door de jaren heen heb ik stiekem best veel kamerenoten versleten: Lennart,
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Lieve schoonfamilie, Jos, Karien, Jos, en Sigrid, bedankt voor de interesse in mijn
promotie-onderzoek de afgelopen jaren. En ook heel erg bedankt dat jullie niet
doorvroegen als ik even helemaal niet aan mijn promotie wilde denken!

Lieve familie, heel erg bedankt voor alle steun, die had ik soms echt nodig! Rein,
zo kalm als jij kunt zijn heb je me erg geholpen om de boel te relativeren. Marion,
ik volg nu in je voetsporen, jij hebt mij op 20 december natuurlijk al het goede
voorbeeld gegeven! Het was ook ontzettend fijn om soms even flink te klagen bij
jou, dat luchtte enorm op! Luuk, bedankt ook voor je steun en je begrip als er weer
een uitwisseling van promotie-verhalen voorbij kwam. Papa en mama, enorm
bedankt voor jullie onvoorwaardelijke steun en toewijding. Net zoals ik hadden
jullie niet verwacht dat ik deze weg zou inslaan, maar alles is op z'n pootjes terecht
gekomen. Hoewel jullie niet altijd precies begrepen waar ik mee bezig was, boden
jullie altijd een luisterend oor en wilden jullie altijd meedenken aan een oplossing
als ik ergens tegenaan liep

Lieve Fons, zonder jou had ik dit proefschrift nooit af gekregen. Al meer dan 11 jaar
ben je de constante factor in mijn leven, ondanks al mijn (soms best heftige) ups
en downs die je over je heen hebt gekregen. Je bent echt mijn rots in de branding,
hoe afgezaagd het ook klinkt! Zeker in het afgelopen jaar, waarin we alles tegelijk
lijken te doen: mijn promotie en nieuwe baan, de verhuizing, en straks de kleine. Ik
zou het niet zonder jou kunnen of willen!
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