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Abstract

Nuclear Magnetic Resonance (NMR) is a phenomenon in which certain nuclei in
the presence of a magnetic field and radiofrequency (RF) radiation emit a
certain amount of signal at a frequency equal to that of the RF radiation.
Proton Magnetic Resonance Spectroscopy ("H-MRS) is an NMR technique capable
of measuring the chemical composition, often referred to as metabolites, of
the human body non-invasively and in vivo. It is commonly used as a research
tool in the investigation of neurological disorders such as multiple sclerosis,
brain tumors, stroke, clinical depression, and schizophrenia. Accurate
quantification of the metabolites of interest requires a reference standard of

known and fixed concentration.

Brain tissue water has been previously reported to have a fairly constant and
known concentration, and so has been suggested to be a suitable reference
concentration in absolute quantitative "H-MRS of the human brain. In practice,
however, it is challenging to measure the actual tissue water concentration;
hence, some studies choose to use estimates of tissue water concentration
from the literature. These literature values are usually averages from a healthy
study group. There are however indications that brain tissue water content
could vary widely in certain disease conditions such as in brain tumors and
inflammation. In such situations, absolute metabolite quantification using the
literature estimates of tissue water content will be inaccurate while the
measurement of cerebral water content using the available techniques will be
impractical for the patients due to scanning time considerations. It is therefore
necessary to develop a technique that can be used to quantify both the
reference water and metabolite concentrations, simultaneously without

subject tolerance issues.

The main objective of this thesis was to investigate the response of water NMR
signal from human brain tissue under various measurement conditions using the
single-voxel 'H-MRS technique. As part of the investigation, the thesis also
focused on the development of methods for the absolute quantification of

cerebral water and metabolite concentrations.
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A standard 'H-MRS water-suppressed acquisition on the General Electric (GE)
MR scanner acquires some unsuppressed-water spectra at the beginning of the
PRESS pulse sequence. Using the Spectroscopy Analysis by GE (SAGE) software
package (version 7), this thesis developed methods to optimise the
unsuppressed-water and suppressed-water signals from which, respectively,

cerebral water and metabolite concentrations were estimated.

The unsuppressed-water signal response characteristics were investigated in
experiments at 3 T that involved: 1) variation of the MRS voxel position over a
three-dimensional RF field within an eight-channel head coil; 2) measurement
of the relaxation times of brain tissue water using standard saturation recovery
and multi spin-echo MRS techniques; 3) measurement of brain tissue water
content in peripheral inflammation; and 4) estimation of the BOLD effect on

the water spectral peak.

The stability of the MR scanner used for all the investigations was assessed.
Over the project period, the worst precision measurements of the scanner (for
both water and metabolite signals) were observed to be about 12 % and 26 % in
serial phantom and human studies, respectively. The MRI/MRS scanner was
therefore found to measure water and metabolite signals with good precision,

both in vivo and in vitro.

By recording the water NMR signal responses at various locations within the
phased-array head coil, RF sensitivity profile (voxel position-dependent)
equations of the head coil were obtained. The coordinates of any in vivo voxel
could be substituted into an appropriate profile equation to estimate an
unsuppressed-water signal area that could be used as a reference signal to
quantify brain tissue water content. This novel technique of quantifying
cerebral water content is superior to the previous techniques of performing
multi-echo unsuppressed-water signal acquisitions. The method does not
require extra unsuppressed-water acquisitions, or corrections for variations in
the sensitivity of the eight-channel head coil as both the in vivo and reference

signals are acquired from the same voxel position.
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Brain tissue water content was subsequently quantified accurately using the
newly developed method of referencing. In frontal brain voxels, the average
water content, WC of grey matter, GM was found to be higher than that of
white matter, WM (GM/WM WC = SE = 46.37 + 2.58/42.86 + 2.46 mol/kg; p
0.02); parietal voxels also showed a similar comparison (GM/WM WC + SE
37.23 + 1.70/34.14 + 2.02 mol/kg; p = 0.03). These findings were consistent

with previous reports of cerebral water content. For regions of mixed

proportions of grey and white matter tissues, the average water contents of
each tissue type considered separately (by voxel segmentation) and together
were found to compare with literature estimates. Using data from five voxel
positions, average brain tissue water content was observed to be uniformly
distributed across the human brain by one-way ANOVA (p = 0.60), and did not
vary significantly with gender (p > 0.05) and age (p > 0.05).

For the first time, cerebral water content was observed in this thesis to remain
fairly constant in psoriatic arthritis, a peripheral inflammatory condition (one-
way ANOVA, p = 0.63). Among five brain metabolites quantified in the psoriasis
patients, only the mean concentration of creatine, Cr was found to be
significantly lower in the frontal grey matter voxels of the patients, PsA
compared to healthy controls, HC at baseline (PsA/HC + SE = 6.34 + 0.38/7.78 +
0.38 mM/kg; p = 0.01) and post-TNF-a blockade medication (PsA/HC + SE =
6.69 + 0.25/7.78 + 0.38 mM/kg; p = 0.03). None of the metabolite
concentrations, including Cr (p = 0.27), changed significantly with medication.
The condition of PsA was not observed to affect the mood of the patients, as
indicated by their BDI scores. The significant finding of Cr concentration
alteration in psoriatic arthritis thus suggests that Cr may not be a reliable

denominator in studies of psoriasis that express the metabolite levels as ratios.

The Ty and T, relaxation times of water and the metabolites were measured in
the prefrontal grey matter (T,/T, + SE = 1574 + 61/147 + 6 ms) and bilateral
Hippocampi (T1/T, + SE; left = 1475 + 68/178 + 83 ms, right = 1389 + 58/273 =
98 ms). The relaxation time estimates for the metabolites were in agreement
with literature values; relaxation times for water however were measured for
the first time in those regions and at 3 T. The measured relaxation times were

used to correct the water and metabolite signals for relaxation effects during
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their absolute quantification, and could as well serve the same purpose in
future studies.

There is increasing interest in the BOLD response of cerebral metabolites and
water during tasks. This thesis thus also assessed changes in brain tissue
metabolite and water contents while a subject experienced a visual stimulus.
In the presence of the visual stimulus, the BOLD effects on the metabolite and
water spectral peaks were found to be comparable, as has been observed in
previous studies. For the first time, this thesis further investigated the impact
of temporal resolution (determined by NEX) on the amount of the BOLD signal
acquired from cerebral water and metabolites. In a single visual activation
paradigm, the BOLD effect resulted in increased water peak area which
differed significantly between NEX values of 2 and 8 (p < 0.01); this observation
also was true for NAA and Glu. The findings thus suggest that temporal
resolution of the MRS data could result in significant differences in the results
of functional MRS studies.

In conclusion, by its detailed investigations of the water signal characteristics
and newly developed methods for the absolute quantification of cerebral water
and metabolite concentrations, this thesis has corroborated the suitability of
the brain tissue water signal as a reference and has also improved on the
accuracy of quantitative MRS using the endogenous water signal as a reference
standard. The techniques presented in this thesis can thus be applied in future
'H-MRS brain studies where the endogenous unsuppressed-water signal is

required.
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Figure 4.10: RF Field map of slice 55I
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Coefficient of polynomial fit

Slice | A B c D E F G H [ J K L M N o P Q R s T u

559 1.70e8 | -2.56e7 | -3.58e7 | 2.85e5 | -2.26e6 | -1.03e6 | 5475 1.61e4 | -6.38e4 | -8980 6.29 154.90 | 204 -581.30 | 3.53 0 0 0 0 0 0

35S 3.85e8 | 2.00e6 | 2.74e6 | 3.82e5 | 1.90e5 | 2.81e5 | -1862 | -1769 -333 154.10 | -141 -95.34 -180.40 | -92.04 -85.59 | 0.10 | -1.14 | -1.83 | -1.11 | -0.71 | -0.65

15S 4.38e8 | 4.44e6 | -4.88e6 | 1.42e5 | 1.27e5 | 2.29e5 | -3552 | 5595 -2579 8341 -35.04 | -111.30 | -31.44 -45.52 81.44 0.40 | -1.36 | -0.91 | -0.51 | -0.12 | 0.25

15l 4.29e8 | 1.07e6 | -1.39e7 | 1.71e5 | 2637 -1.04e5 | -3161 | 8353 2611 8594 -60.11 | 6.90 139.60 | 49.45 170.10 | 0.94 | -1.63 | -0.44 | 1.24 | 0.23 | 0.87
35| 2.03e8 | 1.55e6 | -8.06e6 | 1.38e5 | -5660 8.05e5 | -85.29 | 7320 -9696 3.65e4 | 0.66 -101.70 | 10.02 -254.10 | 503.80 | -0.87 | -1.17 | -1.35 | -0.54 | -1.73 | 2.29
55| 9.53e7 | 1.41e6 | -6.90e5 | 8.11e5 | 2.69e4 | 9.55e5 | -6520 | 4.66e4 | 2025 2.64e4 | 37.21 | -109.90 | 576 30.68 185.20 | O 0 0 0 0 0

Table 4.2: Values of the coefficients of the polynomial fits to the inter-slice spatial RF sensitivity maps of the receiver coil
The general polynomial equation describing the RF map of any given slice is given by:
Sla:n(X, y) = A +Bx +Cy +Dx? +Exy + Fy? +Gx> +Hx%y +Ixy? +Jy® + Kx* + Ly +Mx%y? + Nxy?® +0y* + Px® + Qx’y + RxCy?+ Sx%y® +Txy* +Uy>  (Eqn 4.5)

where Sla:p(X, y) is the calculated unsuppressed-water peak area, a:b is the range of possible voxel positions within an in vivo slice, x and y are
respectively the RL and AP coordinates of the in vivo voxel, A, B, ..., U are the coefficients of the polynomial equation (Table 4.2). Each slice
was 20 mm thick, and so the corresponding a:b values for slices 55S, 35S, 15S, 15I, 35| and 55| are 45:65, 25:45, 5:25, -5:-25, -25:-45, and

-45:-65, respectively. The appropriate equation is chosen by checking to see which a:b range its SI coordinate falls within.
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44 Use of RF Field Maps in Cerebral Water

Quantification

Polynomial equations describing a wide range of voxel positions within the
eight-channel head coil have now been deduced (equations 4.2-5). Using
equation 4.5 in particular, which is a function of voxel position in 3D, the
coordinates of any in vivo spectral acquisition can be substituted in place of
the variables x, y, and z which respectively represent the RL, AP and SI
coordinates. For the human head, this substitution utilises the S| coordinate as
a guide to select the appropriate slice coefficients (Table 4.2) that define the
in vivo voxel position. The coefficients (representing the in vivo RL and AP
coordinates) are then substituted into equation 4.5. When the substitution is
done, the value of Sl,.p(Xx, y) obtained becomes a theoretically deduced
spectral peak area for the unsuppressed-water. Since this area is generated
from the polynomial fits, it shall be represented by Asi: in equation 6.1, where
it will be used as a reference signal in the absolute quantification of cerebral

water content.

4.5 Summary and Conclusions

In this chapter, the spatial non-uniform response of a typical receiver coil has
been investigated using the unsuppressed-water signal as a reference. For the
first time, generic signal sensitivity maps have been deduced for a wide range
of voxel positions in 3-dimensional space within the phased-array head coil.
Polynomial fits to the sensitivity maps were performed to derive standard
mathematical equations that represented the signal response of the RF coil in
3-dimensional space. Using these equations, which were functions of voxel
position, a novel method was suggested to calculate a signal value from any of
the fits that best described a given in vivo voxel position. It was concluded that
this theoretically derived signal area could be used as a reference signal in the
absolute quantification of cerebral water. Thus, this work also showed the NMR

response of water with varying voxel positions within the head coil, in vitro.
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Such a study has also been conducted in vivo in chapter 6, but with limited
voxel positions as it is impractical to investigate a wide range of voxel positions

in any single volunteer.
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Chapter 5: Corrections for Relaxation and Partial

Volume Effects

5.1 Overview and Objectives

In section 1.1.3, it was mentioned that in MRS, voxel with straight edges are
used to acquire spectra from brain regions that are usually small and curved.
The usual practice therefore is to use relatively large voxel sizes which would,
in most cases, inevitably encompass some fraction of cerebrospinal fluid (CSF).
A method of removing the CSF fraction from the MRS voxel is thus described

and implemented in this chapter.

Secondly, even when the voxel grey/white matter fraction has been obtained
after CSF correction, the MRS signal still suffers from some losses due to
relaxation effects. This usually arises due to the TE and TR times used for the
spectral acquisition. Absolute quantification of cerebral water content would
therefore require a correction factor accounting for relaxation effects in brain
tissue. The absolute quantification of metabolite concentrations on the other
hand would require correction factors for the relaxation effects in both brain
tissue and the metabolites. These correction factors are normally obtained
from equations involving the use of the T; and T, relaxation times of brain
tissue water and the metabolites measured from the same brain regions from
which the water and metabolite signals have been acquired. Thus, in order to
correct for relaxation effects in the MRS signals in this thesis, the T; and T;
relaxation times of brain tissue water and the metabolites were measured in
the specific brain regions in which the MRS voxels were placed in the various

studies (chapters 6 and 7).

Cerebral water content was quantified in chapter 6 in five brain regions:
frontal white matter (WM), parietal WM, occipitoparietal white/grey matter

and the hippocampus. In chapter 7, water content and metabolite
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concentrations were quantified in the prefrontal grey matter and hippocampal
brain regions. The Ty and T, relaxation times of brain tissue were therefore
measured for all these brain regions in this chapter; cerebral metabolite T; and
T, relaxation times were also measured in the prefrontal grey matter and
hippocampal brain regions. These measured relaxation times were then used in
the calculation of the correction factors for the correction of relaxation effects

in MRS measured water and metabolite signals from these regions.

Before presenting the experiments for the above correction factors, it is
necessary to provide some background to these relaxation and partial volume

effects. These are discussed in subsections 5.1.1-2.

5.1.1 NMR Relaxation Effects

Signal attenuation occurs due to relaxation processes (section 2.1.2). For a
given metabolite, relaxation effects can be kept to the minimum if TE = 0 ms
and TR = 5 x the T; of the signal of interest. Ideally, a short TE and a long TR
(theoretically TE = 0, TR = ) should be used for minimal signal losses due to
relaxation effects [31]. However, since gradients must be applied to define the
voxel, TE can never be zero, and because the sequence has to be repeated
many times, a TR of infinity is not practical. Instead, the MR spectrum from a
typical acquisition consists of various metabolite signals collected together,
and so the TE and TR are chosen depending on the main metabolites of
interest, which still differ substantially in Ty and T, relaxation times. The
measured MRS signal is therefore always affected by saturation (T;) and
relaxation (T;) effects. For instance, in normal tissue, a TR of 2000 ms will
cause only a 50 % recovery (between repetitions) of the longitudinal
magnetisation of the metabolites; a TR of 7000 ms will enable recovery of up
to 99 % of the longitudinal magnetisation [1] but will increase acquisition time
significantly. At 1.5 T, a TE of 30 ms will cause 7-14 % signal losses due to T;
relaxation effects in metabolites with long T, relaxation times (i.e. NAA, Cr
and Cho with T, range of 200-400 ms); metabolites with short T, relaxation

times will suffer more than 14 % signal losses.
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Absolute quantification of metabolites without correction for T; and/or T;
relaxation effects may therefore significantly underestimate and/or
overestimate some metabolites. For instance, in this thesis, metabolite and
water spectra have been acquired with TE/TR = 144/1500 ms (chapter 6),
TE/TR = 35/2000 ms and TE/TR = 144/2000 ms (chapter 7). These spectra
would therefore have suffered at least 50 % and 14 % signal losses due to T and
T, relaxation effects, respectively. Absolute quantification of either cerebral
water and/or metabolites will therefore require some corrections for these T;
and T, relaxation effects in their respective spectra. These relaxation effects
can be corrected by performing separate measurements of the T, and T;
relaxation times of brain tissue and the metabolites of interest in the specific

brain regions that correspond to the MRS voxel positions.

5.1.2 Partial Recovery of Longitudinal Magnetisatio  n of
Water

In the measurement of cerebral water content, particularly, in this thesis, the
fully recovered water signal was not acquired; the CHESS water-suppression
module was not also turned OFF. However, spectral acquisition with CHESS
turned ON was not a major issue regarding its effect on the amount of
unsuppressed-water signal collected. This is because the scanner still acquired
some quantifiable unsuppressed-water lines prior to the PRESS localisation
sequence (section 2.3.1.3). In fact, the only issue that could affect the amount

of unsuppressed-water signal collected was the TE/TR for the acquisitions.

In order to acquire the maximum water signal, it is not possible to use the
expected TE = 0 ms and TR = 5 xT; of water (section 5.1.1) for the acquisitions.
If the T; of water is approximately 3000 ms, then that will mean that the ideal
TR should be 15000 ms. Since these theoretical conditions cannot be met for
reasons mentioned in section 5.1.1, TE values of 35 and 144 ms, and TR values
of 1500 ms and 2000 ms were used in this thesis to acquire the water signal

that was quantified to yield cerebral water content.
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It should be emphasised that the water signal area was quantified from a
water-suppressed acquisition (i.e. originally metabolite data). For this reason,
using the shortest possible TE on the scanner should not cause significant T;
relaxation effects in both the water and metabolite peaks. However, using the
longest TR possible in consideration for the collection of a greater amount of
the water signal would lead to significant decay of the metabolite signals. In
order to have a fair balance in the amounts of water and metabolite signals,
therefore, the above TE/TR values were used. However, that still required
correction of the metabolite signals for Ty and T, relaxation effects. The water
signal on the other hand would have suffered more losses due to T; than it
would have due to T, relaxation effects. With TR = 1500 ms and 2000 ms, only
about 39.3 % and 48.7 %, respectively, of the longitudinal magnetisation, M, of
water would have recovered. Meanwhile, it is the amount of M, tipped into the
xy-plane that determines the amount of NMR signal recorded. This therefore
means that only a fraction of the water signal would have been used to derive
the unsuppressed-water peak area for the quantification of cerebral water
content. Therefore, whereas the T; correction involved an extra consideration
for this partial recovery, T, correction of the water peak area was done in the

same way as was done for the metabolite spectra.

This additional consideration in correcting the water signal for T; relaxation
effects involved the calculation of a partial recovery constant, kpy. This
constant is defined as a ratio of the unsuppressed-water signal area obtained
from the optimum TE/TR to the suppressed-water signal area obtained from a
standard TE/TR. In theory, the optimum TE/TR for acquiring the water signal
should be 0/15000 ms, respectively. However, the minimum TE on the MR

scanner used for acquisitions in this thesis was 23 ms. Thus, k,- was defined as:

AtE23_TR15000 (Eq. 5.1)

pr
ATE acq_TR acq

where Areas trisoo0 1S the water peak area obtained from a CHESS OFF

acquisition with the optimum TE/TR of 23/15000 ms, and Ate acq TR acq 1S the
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water peak area obtained from a standard CHESS ON acquisition (i.e. those of

this thesis for water quantification).

The constant, k,- represents the lost water signal fraction and so when
multiplied by the quantified water signal area (acquired using the above TR
values), a corrected signal area is obtained. This corrected peak area can be
considered to be approximately equal to the total water signal acquired with
TR = 5 x Ty of water. The kpr constant also accounts for T; relaxation effects,
and so there is no need to correct the water signal for T, relaxation effects as
long as the k- correction factor is used. However, since TE was not equal to 0
ms, the kpy-corrected signal area will then be corrected for the minimal T,

relaxation effects left.

5.1.3 Partial Volume Effect

The voxel may contain CSF, and it may contain both grey and white matter.
CSF contains no metabolites (except lactate and glucose); thus any metabolite
peaks that are observed in the spectrum must be located in the brain
parenchyma (i.e. either grey or white matter) [1, 144]. It is the mean
concentration in the parenchyma that is required and not the mean in the
whole voxel. If the voxel CSF fraction is not corrected for, the metabolite
spectrum will be contaminated by signal originating from CSF; and the final
metabolite concentrations will be underestimated [144]. For instance, for the
same voxel size, metabolite signal intensities from a voxel containing 50 %
tissue and 50 % CSF would be half of that acquired from a voxel containing
100 % tissue [78].

Three approaches of correcting for partial volume effects are reported in the
literature: correction with grey matter fraction, bi-exponential fitting using

multiecho dataset, and segmentation of a structural MR image.

In the grey matter fraction technique [157-159], signals are acquired using a

series of voxels with known, differing grey matter fractions. In a plot of signal
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intensity against grey matter fraction, the y-axis intercepts at grey matter
fractions of 0 and 1 give the amounts of signal arising from white and grey
matter respectively. The disadvantage of this technique is that it prolongs the
acquisition time, and also the estimation of the fraction of grey matter in the
voxel is likely to be subjective. Reproducibility of the measurements may

therefore not be good.

The bi-exponential fitting technique distinguishes between signal from CSF and
that from tissue water [144, 160]. In its implementation, a multiecho spectral
acquisition is performed and a bi-exponential fit of the T,-decay can reveal
long-T, and short-T, components. The long-T, decay is attributable to CSF and
thus gives a measure of the amount of CSF in the voxel; the short-T;
component is attributable to water trapped between myelin sheaths in brain
tissue [58, 160]. However, the T,-decay in healthy brain is reported to exhibit
three distinct pools of water: CSF with T, > 1000 ms, intra/extra-cellular water
with 80 ms < T; < 200 ms, and myelin water with 10 ms < T; < 50 ms [59]. The
number of water pools could even be increased in pathology [161, 162]. To
correctly measure the T,-decay of water, considerations to these ‘pool effects’
will have to be taken into account; a full water T,-decay will also have to be
acquired and fit accurately. The fitting routine usually employs a non-negative
least squares fitting method [59, 154, 163], the accuracy of which depends on
the number of plotted points. At least twelve time points yield reasonable
goodness of fits [54]; this therefore means more acquisitions. Consequently,
the measurement time may be clinically unacceptable [58], and could be

affected by motion artefacts.

For the imaging-based CSF correction technique, a high resolution structural 3D
MR image (usually Ti-weighted) is used to determine the proportions of CSF,
grey and white matter in the voxel. The T,-weighting gives CSF a low pixel
intensity value relative to brain tissue. An image segmentation routine is then
performed on the 3D image to segment it into CSF, grey and white matter
fractions, and also return the corresponding mean probabilities over all pixels

for each segment within the voxel. The average probability for CSF serves as
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the estimate for the CSF fraction in the voxel [144]. This technique practically
adds about 8-10 minutes to the main MRS acquisition, but the time could be
reduced down to 3-5 minutes by using an SPGR sequence, which does not use
the inversion pulse (IR). Resolution obtained with this non-IR sequence is

however about 35 % lower compared to that obtained with the IR sequence.

In any case, the acquisition time with the imaging-based partial volume
correction is not as long as the times for the other two techniques. Moreover,
subject displacements between the MRS and 3D MRI acquisitions can be
corrected for by co-registration of the 3D MRI to the 2D MRI used for planning
the MRS voxel [164]. The technique has fewer potential error sources and is
therefore more reproducible and reliable. It was therefore the method of
choice for correction of partial volume effects in this thesis (in chapters 6 and
7).

5.1.4 Objectives

Since the MRS data would always be affected by the above sources of error, the

work presented in this chapter was aimed to:

1. Measure the T, and T, relaxation times of brain tissue in the frontal,
parietal, occipital and hippocampal regions (the reason for these regions
was discussed in section 5.1);

2. Measure the Ty and T, relaxation times of the cerebral metabolites and
water in the frontal and hippocampal brain regions (section 5.1 explains the
reason for these regions);

3. Develop a method for correcting the partially recovered in vivo
unsuppressed-water signal for fractional signal losses;

4. Develop and demonstrate a method for correcting the MRS voxel for partial

volume effects.

From these experiments, correction factors could then be obtained to correct

the acquired MR spectra for the respective errors.
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In the order of the study objectives (section 5.1.4), this section describes the
methods for measuring the relaxation times of brain tissue (section 5.2.1) and
the MR spectra (section 5.2.2); the procedures for obtaining kyr and correcting
for partial volume effects are also presented in sections 5.2.3 and 5.2.4,

respectively.

5.2.1 Measurement of NMR Relaxation Times in the

Brain

Five subsections are presented in this section: section 5.2.1.1 describes the
characteristics of the study volunteers, section 5.2.1.2 describes the MRI
protocol for the acquisition of structural MR images, sections 5.2.1.3 and
5.2.1.4 present the imaging methods for recording the various signals to be
used in the estimation of Ty and T, of brain tissue, and section 5.2.1.5 explains
the selection of the various brain regions of interest, and estimation of the T,

and T, relaxation times for these brain regions.

5.2.1.1 Subjects

Four subjects (2 males, 2 females) were studied for T; measurements; another
group of four subjects (3 males, 1 female) was studied for T, measurements.
The mean ages of subjects in the Ty and T, studies were 32.0 and 32.5 years,

with ranges from 23 to 51 and 29 to 38 years, respectively.

5.2.1.2 MR Imaging

All images were acquired using the spin echo (SE) pulse sequence (section
2.1.3.2). Axial slices covering the whole brain were planned along the
hippocampal angle. Each slice was 3 mm thick without slice gaps; and a matrix

of 256 x 128 pixels was used to give a reasonable compromise between image
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resolution and total experimental time. A field of view (FOV) of 25.6 x 25.6
cm? was selected to cover the entire axial image, including the hippocampi.
For each subject, a high resolution Ti-weighted 3D image of the whole brain
was also acquired using an axial slab along the hippocampus. This high
resolution axial 3D image gave a better grey/white matter tissue contrast than
the SE axial images. These high-resolution 3D MR images served as references
during ROI selection in the SE images by co-registration of each SE image to the
3D image. Thus the SE images were all corrected for rotational errors, and
were now in the same orientation after co-registration to the corresponding 3D
image. The advantage of using axial slices for this study is that in all
acquisitions, they provide access to consecutive slices that contain sufficient
grey and white matter for the placement of regions of interest (ROls).
Measurements of the T; and T, relaxation times were performed in separate

examination sessions.

5.2.1.3 Imaging for the Estimation of T; Relaxation Times

T1 measurements were carried out using a saturation recovery method with a
variable TR spin-echo imaging sequence. A constant echo time (TE) of 11.0 ms
was maintained, while axial images were acquired at eight successive TR times
of 200, 350, 550, 750, 1000, 1500, 2000 and 4000 ms.

5.2.1.4 Imaging for the Estimation of T, Relaxation Times

For the T, measurements, a multi spin-echo pulse sequence was used. A
constant TR value of 3000 ms was maintained and twelve T,-weighted images
were acquired using the following TE values: 16, 25, 30, 32, 48, 50, 60, 64, 75,
90, 100 and 120 ms. The multi spin-echo pulse sequence on the GE MR scanner
used for the measurements produces images at four echo times for each user-
selected TE value. The TE values of these generated images are multiples of
the user-selected TE value set. For these T, measurements, three TE values

were selected: 16, 25 and 30 ms. Thus TE = 16 ms produced images at TE times
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of 16, 32, 48 and 64 ms. The TE values of 25 and 30 ms also produced four

images each, resulting in twelve image sets at the above TE times.

5.2.1.5 ROIl Selection and Estimation of Relaxation

Times

In the Ty and T, images acquired in sections 5.2.1.3 and 5.2.1.4 respectively,
four anatomical sites were chosen in each hemisphere, plus one frontal region
of the brain. This resulted in a total of nine ROIs per subject, as shown in
Figures 5.1a and 5.1b. Care was taken in selecting the ROIls, which did not
include the ventricles or extra-axial CSF. The shapes of the ROIs were either
circular, rectangular or freehand-drawn (in the Image-J software, version
1.46r) depending on what best fit the target area. In selecting the ROIs in a
given image, reference was made to its corresponding high resolution 3D axial
image in the same slice in order to verify that each ROl selection contained the

required brain tissue.

Figure 5.1: T,-weighted MRI scan of an axial slice through the prefrontal brain region (a)
and the bilateral hippocampi (b) in a healthy volunteer.

The 3 mm thick slices shown in figures (a) and (b) are typical of those chosen for analysis in all
subjects. The ROIs are indicated by a circle, squares, ovals, rectangles and freehand-drawn
selections, all in yellow. Numbers correspond to brain structures listed in Table 5.1 and voxel
positions in chapters 6 and 7
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Estimates of the brain tissue T; relaxation times were obtained from a
nonlinear least square monoexponential fit of the signal intensities measured
(from ROIs 1 to 9 in Figures 5.1a-b) at their respective TR values. The fitting

method solved equation 2.10 for T;.

Estimates of the brain tissue T, relaxation times were obtained from a
nonlinear least square monoexponential fit of the mean pixel intensity values
(measured from ROIs 1 to 9 in Figures 5.1a-b) at their corresponding TE times.

The fitting method solved equation 2.11 for Ts.

Curve fitting for the estimation of both T; and T, relaxation times were
performed using the curve fitting toolbox in MATLAB (version 7.8.0.347,
R2009a).

5.2.2 Measurement of the NMR Relaxation Times of

Cerebral Metabolites and Water

5.2.2.1 Subjects

A total of eighteen subjects (10 males, 8 females) were studied for T; and T;
relaxation times of the metabolites and water. Volunteers were randomly
assigned to four relaxation measurement experiments denoted by labels 5A-D

as follows:

(5A) Ty of the ventromedial prefrontal cortex (ROl number 1 in Figure 5.1a),
involving three (1 M/2 F) volunteers aged 27-55 years (mean age = 34.3 years);
(5B) T, of the ventromedial prefrontal cortex, involving seven (3 M/ 4 F)
volunteers aged 27-60 years (mean age = 33.4 years);

(5C) Ty of the bilateral hippocampi (ROl numbers 8 and 9 in Figure 5.1b),
involving three (2 M/1 F) volunteers aged 25-33 years (mean age = 22.3 years);

and
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(5D) T, of the bilateral hippocampi, involving five (4 M/1 F) volunteers aged 27-

53 years (mean age = 34.6 years).

The sample sizes in the various experiments varied because volunteers were
randomly assigned to the groups as they were being recruited. Three
volunteers were studied initially in the following order of experiments: 5B, 5D,
5A, and 5C. Time was not sufficient for another batch of volunteers to be
recruited and assigned to all the experiments (except for 5B and 5D) following

the above order.

5.2.2.2 MR Imaging

To plan the MRS voxels, two structural scans of the brain were conducted on
each subject: sagittal T{-weighted FLAIR (TE/TR/TI = 9/2685/920 ms) and axial
T,-weighted FSE/propeller (TE/TR = 110/5000 ms) MRI. For the sagittal scan,
21 slices (each of thickness 4 mm) were planned along the long axes of the
hippocampi. For the axial scan, 22 oblique slices (each of thickness 5 mm)
parallel to, and covering, the hippocampi were planned. In both structural
scans, a field of view of 24.0 x 24.0 cm? was chosen, with an in-plane image
matrix of 512 x 512 pixels to give good image resolution. The T,-weighted
FSE/propeller also meant that images were acquired with good grey/white

matter contrast.

5.2.2.3 MRS Protocol

The following MRS protocol was used for both spectral acquisitions described in
sections 5.2.2.4 and 5.2.2.5. The protocol involved the acquisition of 128
averages of CHESS water-suppressed spectra from the ventromedial prefrontal
grey matter (region 1 in Figure 5.1a) and the bilateral hippocampi (regions 8
and 9 in Figure 5.1b). The average voxel size on region 1 was 2.0 x 3.0 x 2.0
cm? while that on regions 8 and 9 was 3.5 x 1.2 x 1.0 cm?® in the AP x LR x Sl
directions, respectively. For the acquisitions in regions 8 and 9, the same voxel

was moved from region 8 to region 9 after recording spectra from the former.



157

In all acquisitions, NEX = 8 was maintained in order to make data averaging

faster; so two (or 16/NEX) unsuppressed-water lines were stored.

Since these unsuppressed-water lines are acquired from the same voxel as the
metabolite lines, they (i.e. both the water and metabolite signals) should be
affected by the same factors such as effects of eddy currents, motion and
relaxation [46-48]. Therefore, when processing the metabolite spectra from
the relaxation experiments, the unsuppressed-water lines within each data set
could be quantified as well. Using the same analysis procedure, it should be
possible to estimate the T; and T, relaxation times for cerebral water and

metabolites from the same data set.

5.2.2.4 Estimation of Metabolite and Water T, Relaxation

Times

Ty measurements were carried out using the saturation recovery method with a
variable TR PRESS localisation sequence. A constant TE value of 23.0 ms was
maintained, while single voxel spectra were acquired at six TR times: 1070,
1200, 1500, 2500, 3000 and 3500 ms.

For each TR acquisition, the two unsuppressed-water lines and metabolite
spectra were quantified separately in the SAGE software package as described
in sections 2.3.1.2-3. This yielded the metabolite and water spectral peak

areas.

Estimates of the metabolite and water T; relaxation times were obtained from
a nonlinear least square monoexponential fit of the measured peak areas at
their respective TR values using equation 2.10. The solution to the fitting

routine yielded the T; of either water or the given metabolite,
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5.2.2.5 Estimation of Metabolite and Water T, Relaxation

Times

For T, measurements, the PRESS localisation pulse sequence was used with a
fixed TR value of 2000 ms. Spectra were acquired with a variable TE spin-echo
method: 35, 85, 128, 164, 262, 326, 400 and 600 ms.

The metabolite and water signals were quantified in the same way as described
in sections 2.3.1.2-3. Metabolite and water T, relaxation times were estimated
from a nonlinear least square monoexponential fit of the measured peak area
at each TE value. The fitting routine solved equation 2.11 for T, of either water

or the given metabolite.

The curve fitting routines for the estimation of both Ty and T, relaxation times
of the MR spectra were performed using the curve fitting toolbox in MATLAB
(version 7.8.0.347, R2009a).

5.2.3 Compensation for the Lost Fraction of Water

Signal

In one healthy male volunteer, aged 29 years, 16 averages of CHESS water-
suppressed spectra were recorded from an 8 cm® voxel positioned in the
prefrontal grey matter brain region. The following TE/TR pairs were used in
turn: 35/2000 ms, 144/2000 ms, and 144/1500 ms. NEX = 8 was used in all

acquisitions.

Maintaining the same voxel position and NEX value, the CHESS water-
suppression module was turned OFF and 16 averages of the fully recovered

water signal was acquired using TE/TR = 23/15000 ms.

Only the two unsuppressed-water lines were quantified in both the CHESS ON
and OFF acquisitions to yield the two signal areas Atg acq TR acq @Nd Ate23_TR15000,

respectively (as described in sections 2.3.1.2-3). The ratio of these signal areas
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produced the correction factor, kp- (equation 5.1) which will be used to
compensate for the lost fraction of the water signal acquired from the standard

CHESS ON spectral acquisitions (section 5.1.2) of chapters 6 and 7.

5.2.4 Estimation of MRS Voxel CSF Content

In this thesis correction of MRS voxels for CSF content (otherwise known as
partial volume correction) involved the use of high resolution T;-weighted 3D
MR brain images of the study subjects. These images were acquired within the
same exam session as the MRS acquisitions, being performed either before or
after the MRS.

In this section the partial volume correction (PVC) procedure will be described
and implemented. The illustration will be presented using analysis of example
data from one healthy volunteer. The same correction procedure was applied
for the rest of the volunteer data presented in chapters 6 and 7. The PVC

method developed in this thesis can be described in six steps as follows:

1. Calculation of Starting Values from VOI coordinates

The MRS voxel is a region of interest defined in three-dimensional space. Thus,
a three-coordinate space can be used to represent the three sides, LR x AP x SI
of the voxel, where these sides correspond to the x, y and z axes, respectively
(Figure 5.2). A voxel is normally specified in three (xyz) dimensions by three
quantities: “starting values”, “centre coordinates” and “dimensions”. The
starting values represent the coordinates of each corner of the voxel and the
dimensions are the lengths of each side of the voxel; the centre coordinates
define the centre of the voxel. These three quantities are related such that

when any two of them is known, the third can be calculated.
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Figure 5.2: A three-dimensional representation of the MRS voxel

The small blue square represents the starting point for the RL side (along the x-axis) of the
voxel; the small red circle is the centre, C of the voxel with coordinates X,, Y,, Z,; the
dimensions of the three sides, RL, AP and S| of the voxel are respectively represented by |X|,
Y| and |Z].

The dimensions of the voxel and their corresponding centre coordinates are
usually stored in the SAGE header file after every spectral acquisition.
Therefore, the starting values for each side of the voxel can be calculated

using the following equations for each side of the voxel:
Xstart = Xo - (lxl/z); Ystart = Yo - (|Y|/2); Lstart = Lo - (|Z|/2) (ECI 52)

These calculated starting values are usually predefined by SAGE in scanner
anatomical space (SAS). By this convention, a voxel side lies along, say, the R
or L axis but not along the RL axis. Therefore, the voxel dimensions will
normally be presented in SAGE, for example, as 20R x 20A x 20l and not as
20RL x 20AP x 20Sl. It should be noted, however, that certain sign conventions
apply to the relationships stated in equation 5.2: Xgart and Y, should be
negated when the SAS labels are L and P, respectively. In this case, the
negation of Y, should be done before calculating Yt This is necessary due to

the change in image orientation (and hence the voxel) when loading the MR
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image/voxel in the FSL (FMRIB's Software Library, www.fmrib.ox.ac.uk/fsl)

program. The Z-axis serves as the mirror line for the reorientation and so its

values are not negated.

2. Generation of Coordinate Space Starting Values

In order to localise the MRS voxel in its corresponding 3D MR image, the FSL
program requires the starting values in the coordinate space (CS). The CS
starting values are generated automatically by FSL when the calculated SAS
starting values are entered. Note should however be taken of the above sign

conventions when entering the SAS starting values.

3. Segmentation of the 3D MRI

The brain tissue is extracted from the skull (Figures 5.3a-b) using the brain
extraction tool (BET) in FSL (Figure 5.3c). The brain is then segmented into
three tissue classes using the FMRIB’s Automated Segmentation Tool (FAST) of
FSL (Figures 5.3d-f) [165]. The segmentation routine also corrects the image
for spatial intensity variations, also known as bias field or RF inhomogeneities.
For a three-tissue class segmentation, the FAST algorithm assigns intensity
values (between 0 and 1) to all voxels of the image and then classifies these
intensities as high, intermediate and low. Tissue classes 0, 1 and 2 have low,
intermediate and high intensities, and are thus assigned to CSF (Figure 5.3d),
grey matter (Figure 5.3e) and white matter (Figure 5.3f), respectively. The
output images of the tissue classes are known as partial volume maps, whose
intensity values represent the proportion of each tissue class in the voxels of
the 3D MRI [165].

4. Localisation of the voxel in brain segments

The voxel is localised in, and ‘cut out’ from, the 3D MR image (Figure 5.3j) by
running the following command on the image of each tissue class in the

command line:

‘fslroi <Input tissue class> <Output voxel image> Xsart |X| Ystart 1Y Zstare 1Z1°
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where Xgtart, Ystart and Zsare are the coordinates of one of the vertices, and | X],
Y| and |Z| are respectively the dimensions in the RL, AP and SI axes of the
voxel as stated in procedure 1. Output voxel images are produced and saved
for each one of the CSF (Fgure 5.3g), grey matter (Figure 5.3h) and white
matter (Figure 5.3i) fractions.
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Figure 5.3: A schematic of the voxel localisation procedure in the 3D MR image.

A large voxel (AP x RL x SI = 92.0 x 103.7 x 20.0 mm?®) was planned in one healthy volunteer to
validate the accuracy of the localisation technique. Figures (d), (e) and (f) are the partial
volume maps of CSF, GM and WM. Figures (g), (h) and (i) are the amounts of CSF, GM and WM
within the localised VOI in the corresponding partial volume maps.
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5. Estimation of brain tissue and CSF contents of t he voxel

The volume of CSF, grey matter and white matter of each voxel image (in voxel
units) is calculated as the product of the mean pixel intensity value of the
voxel image and the volume of that tissue class in the voxel image. Estimation
of the voxel content in this way is known as partial volume estimation,
executed in the command line by the following lines of code on each one of the

CSF, grey matter and white matter voxel images [165]:

vol="SFSLDIR/bin/fslstats voxel image -V | awk {print $1}"
mean="SFSLDIR/bin/fslstats voxel image -M"
tissuevol="echo "Smean * Svol" | bc -l

echo Stissuevol

This returns the tissue volume in voxel units, stored in the variable ‘tissuevol’.
To get the volume in mm?®, {print $1} is replaced with {print $2} in the first

line.

6. Estimation of voxel fraction of GM/WM tissue

If Ucsk, Lew and vyw are the FSL estimated voxel volumes of CSF, grey and white
matter, respectively, then the tissue content of the voxel will be (Vgn + Lwwm)
and the fractions of grey (fem) and white (fwm) matter will be vgm/(Lgm + Lwm)
and 1 - fgm, respectively. This calculation excludes ucse leaving behind only

solid brain tissue (i.e. grey and white matter fractions).

5.3 Results and Discussion

Results for four groups of experiments are presented in this section in relation
to the four aims of this chapter: relaxation times of brain tissue (section
5.3.1), metabolites and water (section 5.3.2), the partial recovery (section
5.3.3) and volume (section 5.3.4) correction factors. At the end of the
discussion of each results subsection, the applications of those measurements

in correcting the MRS data in this thesis are restated. However, correction for
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relaxation effects (using the relaxation time results) is mentioned only in
subsection 5.3.2 so that the same discussion is not repeated twice in that
section and in section 5.3.1, as the correction procedure involving their use is

the same.

5.3.1 Brain Tissue NMR Relaxation Times

Table 5.1 summarises the relaxation times measured in each of the ROIs
defined in Figures 5.1a and 5.1b. The tabulated results are averages of
measurements in the ROIs on the left and right cerebral hemispheres. The
uncertainties of all measurements are given in terms of the standard error (SE),
calculated as a ratio of the standard deviations of the measurements to the
square root of the sample size measured. The goodness of the relaxation curves
were assessed in terms of their R? values generated by the non-linear least

square curve fitting program (i.e. MATLAB).

Label | Brain Region T: (ms, +SE) T, (ms, +SE)
n=4 n=4
1 Ventromedial prefrontal grey matter 1942 (29) 147 (9)
2 Left frontal white matter 1235 (52) 122 (5)
3 Right frontal white matter 1170 (64) 120 (4)
4 Left parietal white matter 1238 (21) 128 (4)
5 Right parietal white matter 1196 (36) 134 (8)
6 Left occipitoparietal white/grey matter 1441 (40) 127 (1)
7 Right occipitoparietal white/grey matter 1410 (47) 127 (2)
8 Left hippocampus 1439 (96) 134 (15)
9 Right hippocampus 1432 (94) 150 (5)

Table 5.1: Average Regional Relaxation Times in the Brain

Both T; and T, relaxation times varied significantly among all ROIs by one-way
ANOVA (p < 0.05). For those measurements in bilateral grey (GM) and white
(WM) matter regions, there were no significant (p > 0.05) differences in Ty and
T, relaxation times between the left and right hemispheres: T; estimates in the
left hemisphere were generally observed to be greater than those in the right

hemisphere, but this difference was not significant (p > 0.05).



166

At 4 T, Kim et al [166] also observed that the average T, of GM was greater in
the left than in the right hemisphere, even without performing any significance
test on their results. Similarly, Wansapura et al [54] also observed at 3 T that
out of nine ROIs in each hemisphere, eight ROIs in the left had greater T,
estimates than the same regions in the right hemisphere. They only found this
difference to reach statistical significance in GM insular. Garber et al [167] also
reported higher T; values in the left than right hemispheres in GM and WM

regions at 1.5 T.

Hemispheric T, differences were not significant in most regions. However, right
parietal WM and hippocampal T, values were observed to be greater than the
T, values for the same regions in the left hemisphere. Even though they did not
study the same regions as has been studied in the thesis, Wansapura et al [54]
did not find any difference in T, between the two hemispheres for all their
nine ROIs. They reported that they could not cite any literature reporting
hemispheric T, differences. They attributed the T; differences they observed
between the two hemispheres to non-uniformity of the B; field caused by the
non-uniform characteristics of brain tissue. Tissue-type differences give rise to
standing waves in the head which cause variation in the flip angles across the
brain with the application of the RF pulse [1, 144]. The extent of the standing
waves effect depends on the tissue water proton density of the region of
interest. Thus, Wansapura et al [54] did not find differences in Ty and T;
between left and right ROIs selected on the image of a uniform MnCl,-doped

water phantom.

T, values in GM regions were observed to be greater than those in WM regions.
Even though a similar observation has been made previously [54], this
difference was not significant. This is because due to the dependence of T; on
By field strength [168, 169], at high fields (> 3T), tissue relaxation rates
approach that of water, resulting in low GM/WM T; contrast [54]. The
hippocampi, which are GM structures, showed the highest T, values compared
to the other structures, while the frontal WM regions had the lowest T, values.

This observation compares with the finding of Wansapura et al [54]; they found
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the highest and lowest T, estimates in the occipital GM and frontal WM,
respectively. The lower T, relaxation rates in WM tissue could be attributable
to its high ferric iron content [170], which is reported to reduce T, relaxation
times [170-173].

Generally, studies of hemispheric and regional differences in quantitative T,
and T, measurements in the brain are not based on a consistent selection of
ROIs or subjected to tests of statistical significance [54]. It is therefore difficult
to do a more rigorous comparison between the results reported in this thesis
and those in the literature. Nonetheless, the results in this thesis are
consistent with those reported in the literature for the selected brain regions
at high fields.

5.3.2 Cerebral Metabolite and Water Relaxation Time s

Tables 5.2 and 5.3 summarise the mean relaxation times of the metabolites
and water measured, respectively, in the ventromedial prefrontal GM brain
region (region 1 in Figure 5.1a) and bilateral hippocampi (regions 8 and 9 in
Figure 5.1b). The uncertainties of all measurements are given in terms of the
standard error (SE). In all measurements, if less than five points (i.e. signal
intensity versus TE or TR) for a particular metabolite were available for the
least square fit, the data was removed from the analysis. This was necessary
because those fits generated negative R* values and so were regarded as

unreliable.

The two regions studied were both predominantly GM regions. For the
prefrontal region, the voxel was placed centrally across the two hemispheres
and so the relaxation time estimates were averages from both hemispheres.
Water and all the metabolites exhibited similar Ty and T, relaxation times in
the three regions studied (Tables 5.2 and 5.3). Both T4 and T; relaxations times

for the regions studied were in agreement with published results.
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Metabolite | Ty (ms, +SE) | T, (ms, %SE)
n=3 n=7
NAA 1199 (363)° 212 (28)
Glu 1193 (265)° 62 (7)
Gln 1436 (131) 56 (10)
Cr 1266 (167) 148 (23)
Cho 1527 (286) 208 (24)
ml 1368 (262) 125 (21)
Water 1574 (61) 147 (6)

Table 5.2: Relaxation times of the metabolites and water in the ventromedial prefrontal
grey matter.

®Averages from 2 subjects; NAA and Glu data for one subject were removed from the analysis
due to unreliable least square fitting

With a similar measurement technique to the one reported in this thesis, T;
relaxation times of NAA, Cr and Cho in the cingulate gyrus GM were found to be
254 (15), 161 (10) and 242 (37) ms respectively in six healthy subjects at 3 T
[129]; where the values in parenthesis are standard deviations. However, in
reporting their T; values, averages from the occipital WM, motor cortex and
fronto-lateral WM/GM were provided [129]: NAA, Cr, Cho and ml exhibited 1.34
(0.08), 1.11 (0.11), 1.14 (0.07) and 0.98 (0.16) s, respectively; where values in
parenthesis are standard deviations. Pure GM (in the occipital region) T, values
have also been reported elsewhere [174]: NAA, Glu, Cr, Cho and ml had 1.47
(0.12), 1.27 (0.10), 1.46 (0.07), 1.30 (0.06) and 1.23 (0.09) s, respectively;
where values in parenthesis are standard errors. However, relaxation times for
Gln and water in the ventromedial prefrontal GM have not been reported in the

literature to the best of the author’s knowledge.

Metabolite T: (ms, +SE); n =3 T> (ms, +SE); n = 4*
Right Left Right Left
NAA 1283 (472) | 1547 (119) | 114 (32) | 153 (43)
Cr 1131 (337) | 1144 (232) | 113 (28) | 105 (16)
Cho 1414 (206)° | 1365 (207) | 251 (70) | 338 (101)
ml 1462 (442)° | 1772 (797)° - -
Water 1389 (58) 1475 (68) | 273 (98) | 178 (83)

Table 5.3: Relaxation times of the metabolites and water in the bilateral hippocampi.

Due to unreliable least square fitting, some data were removed from the analyses: °right
hippocampal Cho and ml data for one subject; “left hippocampal NAA and ml for one subject;
and *the whole MRS T, data for one subject out of the 5 subjects studied.
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With the STEAM sequence at 2 T, the relaxation times of NAA, Cr, Cho and ml
were measured and averaged in the bilateral hippocampi of eight healthy
subjects [175]. The average hippocampal T; relaxation times were: NAA = 1408
(253), Cr = 1554 (317), Cho = 1438 (365), ml = 1726 (512) ms; whereas the T;
values were: NAA = 283 (62), Cr = 191 (43), Cho = 334 (106), ml = 138 (14) ms,
where the values in parenthesis are standard deviations. Thus, these estimates
are comparable with those reported in this thesis. Unlike the T, of brain tissue,
T of the metabolites do not seem to depend on the field strength [174], which
could be why the results in this thesis at 3 T are comparable to those of Choi
and Frahm at 2 T. The reason for this non-dependence of metabolite T; on By
could be that the major metabolite peaks in the spectrum arise from non-
exchangeable protons, and unlike water protons, they have reduced

interactions with less mobile macromolecular protons [174].

No study was found in the literature reporting the relaxation times of water in

the hippocampus.

For the MRS acquisitions of chapters 6 and 7, the spectra are affected by
relaxation effects according to the TE and TR values chosen for the
acquisitions. Using the PRESS localisation sequence, the spectra are corrected

for T and T, relaxation effects according to the following equations [31]:

A
A(T1)corrected = messred (Eq. 5.3)
[1-exp(-TR/Ty)]

A
A(T2)corrected = measured (Eq. 5.4)
exp(-TE/T)

where Aneasured 1S the measured spectral peak area, A(T1)corrected aNd A(T2)corrected

are the spectral peak areas after T; and T, corrections, respectively.

Correction of the data for total relaxation effects to yield Ar corrected WoOUld thus
take the form [31]:
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Ameasured
AT_corrected = (Eq 55)
exp(-TE/T;) x [1 - exp(-TR/Ty)]

The MRI measured relaxation times (section 5.3.1) were used to correct tissue-
specific relaxation effects, whereas the MRS measured relaxation times were
used to correct the metabolite signals for relaxation effects in the brain
regions corresponding to the respective voxel positions in chapters 6 and 7. In
those equations in chapters 6 and 7, the relaxation correction factors (i.e. the
denominators of equations 5.3-5) for Ty, T; and total relaxation effects will be

represented by Ry, R; and Ry, respectively.

5.3.3 Partial Recovery Correction Factors

The CHESS OFF unsuppressed-water peak area, Arezs triso00 acquired with the
optimum TE/TR pair was found to be 4.99e8 a.u. The CHESS ON unsuppressed-

water peak areas (in a.u.) from the standard acquisitions were as follows:
AtE3s_TR2000, = 3.97€8, Ate144_TrR2000 = 3.81€8 and Areq44_1500 = 3.78e€8.

Dividing the value of Atez3_tris000 by €ach one of the above water signal areas
(equation 5.1), the partial recovery correction factors, k- for each standard

acquisition was obtained; thus:

kpr for acquisition TE=35/TR=2000, TE=144/TR=2000 and TE=144/TR=1500 were
1.26, 1.31 and 1.32, respectively. The first two k- values were multiplied by
the unsuppressed-water peak areas acquired with the respective TE/TR values
in chapter 7; whereas the last k, value was multiplied by the unsuppressed-
water peak area acquired at the same TE/TR pair in chapter 6. Thus, the
fractional signal losses from these partially recovered water signals (as TR was

not equal to 15000 ms in each case) were accounted for by these ky, values.
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As TE was not also equal to 0 ms in each case, it meant that the water signals
still suffered some losses due to T, relaxation effects. Therefore, correction for
these T, relaxation effects was done for each k-corrected water peak area. It
is important to mention that this k,, correction applied to only the water peak
area, and not to the metabolites. This is because the metabolites have shorter
T; relaxation times than water, and so at the TR times of the measurements,
their longitudinal magnetisations would have recovered far more than that of
water. The partial recovery effect would thus not be applicable in the case of
the metabolites. Therefore, T (and not ky) and T, relaxation corrections were

done for the metabolite peak areas (chapter 7).

In order to quantify the total water signal area measured by MRS, Brief et al
[58] used TE/TR = 30/2500 ms for their spectral acquisitions. Their
unsuppressed-water lines were quantified from the 16/NEX part of equation
2.19 (section 2.3.1.3), as has been done in this thesis. Thus, their water peak
area also required correction, ky, for the partial recovery effect. In their case,
they obtained kpr using MRI (compared to the use of MRS in this thesis). They
used a modified multi-echo imaging pulse sequence to measure 32 echoes from
the human brain with TE values ranging from 10 ms to 320 ms (in steps of 10
ms). They then fit a mono-exponential curve to their measured MRI water
signal intensities and extrapolated this curve to TE = 0 ms, where they
theoretically obtained the total MRI estimated water signal area, Amri TEO-
Another MRI of the same subject was acquired at TE = 30 ms, which was the
same TE of their MRS acquisition; the MRI water signal area, Awr Te30 Was
obtained from this acquisition. The ratio Awri_teo/ Amri_Te30 Yielded kpr, which was
then multiplied by their MRS measured water peak area to correct it for the

partial recovery effect.

However, the difference in the use of k, between the study by Brief et al [58]
and this thesis is that while this thesis considers it to correct for T relaxation
effects, Brief et al considered it as a correction for T, relaxation effects. This
is because in the MRI acquisitions by Brief et al, both Ayr_teo and Amri_te30 Were

acquired using the same TR (of 3000 ms) and so had the same T, relaxation
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effects which cancelled out on division. Measurements of the two peak areas
however differed in TE, where Awr_te0 Was considered to be corrected for T;
relaxation effects; so dividing it by Auri_TE30, Which was not T, corrected, would
yield a result, kyr equal to the fraction by which Awri_te30 Would have decayed
by T, relaxation relative to Awri Teo. Thus, kyr in this case should be a T,
relaxation correction factor for the water peak, while T; correction is done for

the water and metabolite spectral peaks in the same way.

This thesis, on the other hand, did not perform a multi-echo signal acquisition
to determine kpr; only the total water signal area, A tez3 TrRis000 Was measured
using TR =5 x Ty of water. The total signal area was therefore considered to
be T; corrected. This thesis measured Atez3 Tr15000 aNd Ateacq TRacq USiNg different
TR values, and so k- should equate a factor by which Atgacq TRacq Would have
lost some signal by Ty relaxation relative to Atez3_Tris000. Hence, kpr should be a
T relaxation correction factor for water in this case. T, correction was then

done for the water and metabolite spectral areas in the similar manner.

5.3.4 Partial Volume Correction Factor

For the large voxel prescribed in the single volunteer shown in Figure 5.3, the
partial volume estimates in voxel units of CSF (Figure 5.3g), GM (Figure 5.3h)
and WM (Figure 5.3i) were 16744, 90986 and 127662 mm?>, respectively. These
represented 7 %, 39 % and 54 % of CSF, GM and WM, respectively, in the voxel.

Excluding the CSF content of the voxel to correct for partial volume effects,
the voxel tissue content then had a total partial volume estimate of 218648
mm?, representing 93 % (or a fraction of 0.93) of the voxel. This tissue fraction
of the voxel was then made up of 42 % (or 0.42) and 58 % (or 0.58) of GM and
WM, respectively (section 5.2.4).

The voxel localisation technique presented in this thesis is accurate for non-
oblique voxel placements, which was the case with most of the acquisitions

reported in this thesis. For oblique voxel placements, the orientation angle will
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have to be taken into account. In this case, a rotation matrix involving the
voxel starting values and rotation angle would have to be used. However,
unlike the Siemens scanner used elsewhere [176], the GE scanner used for the
experiments in this thesis does not generate information on the orientation
angle of the voxel in the MRS header files; and there is no straightforward way

of obtaining such information.

The need for oblique voxel placement arises when MRS acquisitions are
required in brain structures such as the hippocampus which lies obliquely
within the brain (Figure 5.4a). Since the hippocampus was one of the regions of
interest in this thesis, in all the MRI acquisitions for voxel placement, the slices
were planned along the hippocampal axis. By doing this, the hippocampi in
both hemispheres were now reasonably horizontal (Figure 5.4b) so that there
was no need to tilt the MRS voxel to cover most of the length of the

hippocampus.

The slice planning for the structural MRI, voxel placement and partial volume
correction techniques described in this section were applied to the MRS data
presented in chapters 6 and 7. Correcting the measured MRS signal area,

Ameasured for partial volume effects usually takes the form [1]:

Acorrected = Ameasured/(fGM + fWM) (Eq 56)

where fom and fou are the fractions of grey and white matter tissues in the
voxel (i.e. excluding CSF) and Acorrected is the corrected spectral peak area after
excluding CSF from the voxel. Thus, even though CSF actually contributes some
amount of signal to Aneasured, the partial volume correction technique assumes

otherwise.
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o d

Figure 5.4: Sagittal MRI scans showing voxel placements on the hippocampus in (a) its
normal oblique orientation and (b) a horizontal orientation

5.4 Summary and Conclusions

The work in this chapter was primarily aimed at measuring and developing
techniques to deal with the main factors that introduce large errors in spectral
quantification (sections 5.1.1-3) by the internal referencing method. The
cerebral water signal has been chosen as the internal reference in this thesis.
Thus the two main factors that could impact on the accuracy of quantitative
MRS using this reference were dealt with. These factors were: signal relaxation

and partial volume effects.

Relaxation times in the brain and of metabolites and water were therefore
measured. The T; and T, values obtained compared with values in the
literature. For most regions of the brain, T; was observed to be slightly higher
in the left hemisphere but T, did not vary widely regionally. Unlike brain tissue
Ty, metabolite T; estimates tend not to depend on By field, and so metabolite
Ty values were comparable at different field strengths. Measurement of the
relaxation times of water in the hippocampus using MRS has been done for the

first time in this chapter.

The reference unsuppressed-water signal in this thesis is affected more by T;
than by T; relaxation effects. This is because at the TR of the acquisitions, only

a fraction of the water signal has recovered its longitudinal magnetisation. A
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method of estimating the unrecovered or lost signal fraction was suggested.
This signal compensation method was also suggested to include correction for

T1 relaxation effects.

A method for partial volume correction using MR image segmentation of the
MRS voxel was also presented. Though the voxel localisation technique
described is not suitable for cases where oblique voxels are used, a method of
dealing with this was suggested. It was recommended that for brain structures
like the hippocampus that are in oblique orientation, the MRI of the brain
should be acquired with slices tilted to the region of interest so that the voxel

can be prescribed on that region in a non-oblique orientation.

The results presented in this chapter will be used to estimate the correction
factors for relaxation and partial volume effects in the spectral quantification

of chapters 6 and 7.
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Chapter 6: Quantification and Assessment of

Regional Brain Water Content

6.1 Introduction and Objectives

The advantages of using brain tissue water content as an endogenous reference
concentration in quantitative MRS were discussed in section 4.1.2. However,
the direct measurement of brain tissue water content with MRS remains a
challenge. To date, all non-invasive MRS measurements of this endogenous
tissue water concentration involve the use of another external reference
concentration [58, 59, 61]. This defeats the full benefit of internal referencing
to tissue water content and potentially introduces more errors into the
estimate, depending on the type of external reference used and where it is
positioned in the receiver coil [1]. When metabolite quantification is needed in
the same study, the examination is prolonged because the metabolite signals
will have to be recorded separately [58]. Even when the water concentration
estimate is taken from the literature, a separate unsuppressed-water signal
acquisition is usually conducted [30, 45, 61, 62]. Using a mathematical model
that relates the peak area of this unsuppressed reference signal, the literature
or measured value of tissue water content and the metabolite peak area, the
concentrations of the metabolites of interest are obtained (this is further

explored in chapter 7).

Ideally, the reference water and metabolite signals should be recorded from
the same voxel, and simultaneously. The intensity of this acquired water signal
should also be enough to give an estimate of tissue water concentration within
the region of interest (i.e. where the voxel is placed). If such an estimate of
water concentration is used as an endogenous reference specific to the region
of interest, then it will be possible to have a reference concentration that will

always correspond to each voxel position. Such a quantification scheme will be
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implementable within clinical examination times, and will be less susceptible

to the errors inherent in the previous quantification methods.

The MRS measured water signal could also be probed by magnetisation transfer
(MT) imaging. This is because MT imaging measures signal intensities related to
the amount of tissue-bound water; MRS on the other hand is capable of
measuring the total water signal from tissue, and if CSF contribution to this
signal is excluded, then what is left is the tissue-bound component. The
amount of tissue-bound water as measured by MT imaging is indicated by the
MT ratio (MTR). The MT effect is greater in regions of high macromolecular
content but less bulk water (e.g. in myelin sheaths). In a healthy or developing
brain, the relative amounts of MTR in different brain regions mainly point to
the relative amounts of white/grey matter or degrees of myelination [1]. It is
therefore possible that in the same healthy subject, MRS measured tissue
water content could be related to MTR obtained from MT imaging of the same
regions of interest. This potential relationship (between MRS and MT imaging)
and its practical implication for future studies were investigated and are

presented in section 6.3.5.

The dependence of cerebral water content on age [177]and brain region [61]
has been reported previously. There are also indications of MTR variation with
age [178, 179] and brain region [180, 181]. However, no single study in the
literature has, at the same time, investigated both cerebral water content and
MTR variations with age, gender, brain region and/or tissue type. Such a study
would help rule out these factors as possible sources of variance (or otherwise)
in cerebral water content. Findings involving these factors may have
implications for studies that utilise published estimates of cerebral water
content (from healthy volunteers) for referencing in quantitative MRS. The
agreement (or otherwise) of the findings between the MTR and water content
studies would also indicate whether or not any one of the two measurements

could be used to validate the other.

The studies presented in this chapter were therefore aimed to:



178

1. Develop an MRS technique to accurately quantify brain tissue water content
without the need for extra unsuppressed-water signal acquisition;

2. Assess the variation of quantified tissue water content across the brain
including brain tissue water variation by gender and the possible associations of
brain water content with voxel tissue content and age;

3. Compare (for the same regions of interest) the brain tissue water contents

and MT ratios as measured by MRS and MT imaging, respectively.

6.2 Methods

Data from three different studies were used for the work presented in this
chapter. Two studies were retrospective MRS studies whereas one was a
prospective MT imaging study conducted during this PhD project. The brain
tissue water quantification technique was developed and implemented using
the retrospective MRS data; the MT imaging results for the same regions
investigated in the MRS studies were then compared to the MRS results. The

three studies are specified as follows:

Study 6A: A retrospective single-voxel MRS study measuring metabolite signals

from three voxel positions in the left hemisphere of healthy subjects

Study 6B: A retrospective single-voxel MRS study measuring metabolite signals
from the left and right hippocampi of healthy subjects

Study 6C: A prospective MT imaging study assessing the MT effects in the voxel

positions of studies 6A and 6B in healthy volunteers.

The tissue water quantification technique involved a novel spectral processing
method that quantified the unsuppressed-water signal from a CHESS water-
suppressed acquisition (sections 2.3.1.2-3). The method was successfully
implemented in studies 6A and 6B where both MRS data were CHESS water-
suppressed. The details of the methods for this chapter are discussed in

subsections 6.2.1-4.
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Table 6.1 summarises the age-sex distribution of the subjects in the three

studies.
Study | Sample Size Mean age + SD (range) in years
(Males/Females) | Total Sample | Males Females
6A 11/11 38 + 13 (20-64) | 37 + 10 (20-52) | 39 + 15 (23-64)
6B 37, all males 51 +9 (38-66) |51 +9(38-66) |-
6C 4/4 32 +9(23-51) |37 +10 (29-51) | 26 + 4 (23-32)

Table 6.1: Age-sex distribution of the healthy volunteers for the three studies.
In a two-sample t-test, the mean ages of males and females were not significantly different in
studies 6A (p = 0.840) and 6C (p = 0.101)

6.2.2 MRI, MRS and Voxel Placement

In both studies 6A and 6B, high resolution T;-weighted axial 3D MR images of

the brain of each subject were acquired to be used for partial volume

correction by image segmentation (section 5.2.4). In each study, structural 2D

MRI scans of the brain were also performed (Table 6.2) for planning the MRS

voxel positions (Figures 6.1 and 6.2).

MRI parameters Study A Study B

Sequence T,-w FSE T1-w FLAIR | T,-w FSE/propeller | T,-w FSE
(image orientation) (sagittal) (sagittal) (axial) (coronal)
TR/TE/TI (ms) 4040/91.8/0 | 2557/8.9/92( 5000/109/0 4060/127/0
FOV (cm?) 20x 20 24 x 24 24 x 24 20 x 20
Matrix size 256 x 256 320 x 224 512 x 512 512 x 512
Number of slices | 20 18 21 11

Slice thickness/gap| 5.0/1.0 5.0/2.0 5.0/1.5 4.0/1.0

Table 6.2: Structural MRI parameters for voxel planning in the two retrospective studies
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In both studies, the PRESS localisation sequence was used to acquire CHESS
water-suppressed spectra, with TR/TE = 1500/144 ms, NEX = 8, 4096 complex
points and a spectral width of 5000 Hz. Spectral averages of 128 and 256 were
acquired in studies 6A and 6B, respectively. In study 6A, spectra were recorded
from a voxel of 20 x 20 x 20 mm? placed in the frontal, parietal and occipital
regions of the left brain hemisphere (Figures 6.1a-f). In study 6B, spectra were
recorded from a voxel of 10 x 20 x 15 mm® (in the LR x AP x SI directions,

respectively) positioned in the right (Figures 6.2a-c) and left hippocampi.

Figure 6.1: Voxel placement in study 6A in the frontal (a and b), parietal (c and d) and
occipital (e and f) regions of the left brain hemisphere of the same subject.

The top row (a, c and e) shows the voxel positions in the sagittal view; the bottom row (b, d
and f) shows the voxel positions in the axial 3D MRI
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Figure 6.2: Representative sagittal (a), axial (b) and coronal (c) MR images showing the
voxel placement in the right hippocampus of the same subject in study 6B.

The yellow lines are saturation bands prescribed by the scanner around the voxel edges; these
help prevent signal contamination from adjacent tissue. They are applied in all the MRS
acquisitions in this thesis but have only been shown in this example.

6.2.3 MT Imaging

Without turning the MT pulse ON, an axial MRI of the brain was acquired using a
gradient echo pulse sequence with the following parameters: TR/TE = 3000/35
ms, 15 slices (4 mm thick per slice without gaps) planned along the
hippocampal angle, FOV = 25 x 25 cm? and a matrix size of 256 x 128. Following
this acquisition, the MT saturation pulse (frequency offset = 1000 Hz, flip angle
= 5% was then switched ON and the same MRI parameters were used to acquire

an MT image.

6.2.4 Data Analysis

The MRS and MT imaging data were analysed using the SAGE (version 7) and
Image-J (version 1.46r) software packages, respectively. The SAGE spectral
fitting method was discussed in section 2.3.1.2. For the work in this chapter,
only the water resonance at 4.7 ppm was analysed. Therefore, only the use of
the SAGE results (i.e. spectral peak areas) for the calculation of tissue water
content will be presented in this chapter (section 6.2.4.1). The Image-J
software package gives image intensities from selected ROIls, the intensities
being associated with the presence and absence of the MT effect in the

corresponding images (details in section 6.2.4.2).
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6.2.4.1 Calculation of Tissue Water Content

In this thesis, the brain tissue water content, WC refers to the tissue-bound
water component (i.e. excluding cerebrospinal fluid, CSF). The complete
equation describing the total tissue water contents, WC in grey matter, GM and

white matter, WM tissues was given by:

Abrain Kpr KTG_brain fom fwm
WC = X X X + (Eq. 6.1)
Arit Ktemp VOlprain R2_om Rz _wm

Aprain is the spectral peak area of the in vivo unsuppressed-water signal derived
from the spectral analysis of the 16/NEX lines (sections 2.3.1.2-3); Ag: is the
peak area obtained by substitution of the in vivo VOI coordinates of Ap,in into
the appropriate position-dependent polynomial equation from the phantom
experiments (section 4.4); kiemp is the temperature correction factor that
accounts for the larger proton population difference between water in the
phantom (which is at lower temperature) and brain tissue water [1]; kp is the
compensation factor for the fractional water signal loss due to partial recovery
and T, relaxation effects together (section 5.3.3); kg is the transmitter gain
factor (section 4.2.5) accounting for differences in coil loading effects between
the phantom and the head; VOI is the voxel size in the respective spectral
acquisitions; fow and fwm are the voxel fractions of grey and white matter
tissues respectively, after CSF exclusion (section 5.2.4); R, ¢n and R, wu are the
compensation factors for T, relaxation effects in grey and white matter tissues,

respectively (equation 5.4).

Asi¢ in equation 6.1 is already corrected for T4, T, VOI and transmitter gains
according to equation 4.1 (section 4.2.5), and since it is obtained primarily
from phantom experiments, using it for referencing here would require
corrections for temperature, coil loading and VOI differences between the MRS

phantom and the human brain as in equation 6.1.

The temperature correction factor, kiemp Was calculated from [1]:
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ktemp = (273.2 + Tphantom)/310.2 (Eq. 6.2)

Tphantom 1S the temperature of the phantom in degree Celsius; which was 18 °C

during the phantom experiments, giving a ktemp value of 0.94.

In section 5.3.3, kpr was found to be 1.32. Thus, the kp/kiemp factor in equation
6.1 becomes 1.32/0.94 = 1.40.

Tissue-specific absolute WC was obtained from equation 6.1 as follows:

Abrain KTG_brain f tissue

WCliissue = X 1.40 (Eq. 6.3)

Afit VOlbrain RZ_tissue

where fissue and Ry tissue are the GM or WM tissue fraction in the voxel and T;
relaxation correction factor, respectively; the fraction kp/ktemp is replaced by
the constant value of 1.40. Thus the WC for GM and WM were calculated

separately as WCiissye-

The WC calculated in either one of equations 6.1 and 6.3 is in percentage
units. To express WC in units of g/mL, it was multiplied by the density of water
at 37 °C (0.9934 g/mL [58]); this yielded tissue water density, WC,. WC was
also expressed in concentration units per kilogram of wet tissue weight. This
was done by multiplying WC by the concentration of water (55.51 mol/L); WC
in mol/L was then divided by the density of water at 37 °C (0.9934 g/mL),
resulting in units of mol/kg wet weight for WC, denoted by WCkg'1. It was
necessary to express WC in both units in order to allow for direct comparison

with literature values that are expressed in either unit.

The technique for the measurement and quantification of brain tissue water
content presented in this section is unique compared to the previous methods

in the following ways: from a normal water-suppressed acquisition, the
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unsuppressed-water signal area can be derived. To obtain the reference signal
area (in equation 6.3), the in vivo voxel coordinates are used in the
appropriate polynomial equation to calculate the required signal area. There is
therefore no need for prolonged or any extra acquisitions in the estimation of
brain tissue water content. The technique is thus less time consuming and less

stressful for patients.

6.2.4.2 Calculation of MT Ratios

ROIs were drawn in the ventromedial prefrontal GM, and bilateral frontal,
parietal, occipital and hippocampal brain regions (regions 2-9 as shown in
Figures 5.1a and 5.1b) of the MR images acquired with and without the MT
saturation pulse. These ROI selections included all the brain regions in which
the water content has been estimated in studies 6A and 6B. To ensure the
same ROl was selected in the MT ON and OFF images of the same subject, the
ROI Manager tool in the Image-J software package (version 1.46r; National
Institutes of Health, USA) was used to store the coordinates of the selected ROI
in the image that was loaded first. When the next image was loaded, the
stored ROI coordinates were superimposed on it at exactly the same location as
in the first image. This method yielded the same results as co-registration of
the two images and selecting the ROIs. Therefore, any difference in voxel
intensity value between the two images was only as a result of the MT
saturation difference and not due to inconsistent ROI selection. The fraction of
the magnetisation transfer (MT) effect was estimated from the MT ratio (MTR)

expressed as a percentage in the following equation [22]:

MTR = (1 - Ms/Mo) x 100 % (Eq. 6.4)

Ms and M, are the pixel intensity values of the ROI selections in the MR images
with and without MT saturation, respectively. Example images acquired
without and with MT saturation are shown in Figures 1.4a and 1.4b,

respectively.
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6.3 Results and Discussion

The details of the technique developed for the calculation of brain tissue water
content, WC has been discussed in section 6.2.4.1 (see objective 1). The
results obtained by implementing the technique will be presented and
discussed in the following subsections in relation to WC values in the literature,
variation across the brain, by gender, age, and voxel tissue content (sections
6.3.1-3) - see objective 2. Results for the regional variation in MTR are also
presented (section 6.3.4) and then compared to variation in WC for the same

brain regions (section 6.3.5) - see objective 3.

6.3.1 Hemispheric Tissue Water Content

Subsections 6.3.1.1-5 discuss the results for study 6A recording MRS data from
the left hemisphere, along the frontal, parietal and occipital brain regions. The
results presented in the subsections include comparison between GM and WM
water contents, WC for the three brain regions (section 6.3.1.1), assessment of
regional mean WC (section 6.3.1.2), comparison of the regional mean and
GM/WM water contents between males and females (section 6.3.1.3),
assessment of the association between voxel tissue and water contents (section

6.3.1.4), and the investigation of WC variation with age (section 6.3.1.5).

6.3.1.1 GM versus WM Tissue Water Contents

Before presenting the results for tissue water content, it is necessary to assess
the relative amounts of grey (GM) and white (WM) matter in the three

hemispheric voxel positions. These are summarised in Table 6.3.
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Region Mean GM fraction + SD (range) | Mean WM fraction + SD (range) | p-value
Frontal |0.54 +0.04 (0.50-0.68) 0.46 + 0.04 (0.32-0.50) < 0.01
Parietal | 0.53 +0.04 (0.37-0.58) 0.47 + 0.04 (0.42-0.63) 0.010
Occipital | 0.48 + 0.09 (0.37-0.76) 0.52 + 0.09 (0.24-0.63) 0.346

Table 6.3: Voxel tissue compositions in the left hemisphere of all subjects.

Comparisons were done by paired t-tests for the parietal and occipital regions; the Wilcoxon
signed rank test was used for comparisons in the frontal region as the data did not follow a
normal distribution

The frontal (p < 0.01) and parietal (p = 0.01) voxel positions had significantly
greater amount of GM than WM; only the occipital voxel did not contain
significant amount of either tissue type than the other (p = 0.35). A one-way
ANOVA indicated a significant variation of voxel GM content among the three
regions (p < 0.01), with frontal > parietal > occipital. Voxel WM content also
varied significantly among the three regions (p < 0.01), with frontal < parietal <
occipital. The impact of the tissue content of the voxels on water content is

discussed in subsection 6.3.1.4.

The mean GM and WM water contents in the three voxel positions are shown in
Table 6.4. Estimates for the water content are provided in concentration
(WCkg'1) and density (WC,) units. Since both quantities have been derived from
the same base equation (equation 6.3), it was expected that their variation by
tissue type and sex should be the same. However, a correlation analysis was
still performed between WCkg'1 and WC, for all voxel positions in studies 6A and
6B. As was expected, each correlation analysis resulted in a Pearson
correlation coefficient of 1, which meant that both quantities were accurately
and directly proportional; thus, inferences drawn from statistical tests on
either one of the two quantities could be applied to the other. As shown in
Table 6.4, the paired t-tests between GM and WM for WC,,' and WC, gave the
same p-values for all three brain regions. Therefore from this point, tissue
water content will be provided in concentration units, WCkg'1; and conclusions

drawn with WCkg'1 will also apply directly to tissue water density, WC,.




187

Mean WCy, " + SE (range) Mean WC, + SE (range)
in mol/kg wet weight in g/mL
Brain GM WM GM WM
region p-value p-value
Frontal |46.37 +2.58 | 42.86 +2.46 | 0.016 |0.82 +0.05|0.75 +0.04 | 0.016
(26.70-48.25)| (25.44-46.77) (0.57-0.94) | (0.53-0.88)
Parietal |37.23 +1.70 | 34.14+2.02 | 0.031 | 0.66 +0.03 | 0.61 +0.04 | 0.031
(30.59-48.12)| (29.82-42.72) (0.54-0.86) | (0.53-0.83)
Occipital | 34.92 + 2.34 | 37.45+2.35 | 0.435 | 0.62 +0.04 | 0.67 +0.04 | 0.435
(31.00-49.56)| (29.70-48.99) (0.53-0.88) | (0.50-0.87)

Table 6.4: Mean regional brain tissue water content by tissue type within the left
hemisphere.
Comparisons were done by paired t-tests

Generally, the relative amounts of GM/WM water contents appear to follow the
same pattern as their amounts in the three voxel positions (more in section
6.3.1.4). GM water content was found to be significantly higher than WM water
content of the frontal (p = 0.02) and parietal (p = 0.03) brain regions. WM
water content was higher (but not significantly) than GM water content in the
occipital region. Water content of GM is known to be slightly higher than that
of WM [49, 58, 59]. This observed relative water contents of the two tissue
types, and the relative amounts of GM and WM in the frontal and parietal
voxels may explain the significantly higher GM water content than that of WM

in the frontal and parietal brain regions.

The occipital voxels contained more or less equal amounts of GM and WM
tissues. The mean water contents of GM and WM were therefore not
significantly different (p = 0.44). GM tissue water content varied significantly
among the three voxel positions (p = 0.007), with frontal WC > parietal WC >
occipital WC. WM tissue water contents of the three voxels also varied
significantly (p = 0.012), with frontal WC > occipital WC > parietal WC. The
significant variation in the water contents of GM and WM in the three voxel

positions originated from higher WC values for the frontal GM and WM. The
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parietal and occipital regions did not vary significantly in WC of either GM (p =
0.105) or WM (p = 0.241).

The following discussion compares the results of this thesis with those of

previous studies.

With a voxel size of 7.84 mL (compared to 8.0 mL in this study; section 6.2.2)
containing an average (standard error) of 86 (1) % (compared to 47 (0.9) % in
this study; Table 6.3) white matter in parietal voxels and 73 (3) % (compared to
49 (1.9) % in this study; Table 6.3) of grey matter in occipital voxels, Brief et al
[58] measured the water contents in GM and WM tissues to be 0.73 + 0.01 and
0.77 £ 0.01 g/mL (mean * standard error). They measured the total water
signal by a multi-echo (32 echoes) MR imaging technique and fit a
monoexponential curve to the points to obtain Apnin at TE = 0 ms. The water
signal was then referenced to a signal acquired from an external water
phantom. They reported that due to the voxel tissue mixture used in their
measurements, their GM and WM tissue water contents were slightly under and
over estimated, respectively, compared to literature estimates. Compared to
the study by Brief et al, the average voxel contents of WM and GM in this study
were lower and so were their water contents: 0.61 + 0.04 in parietal WM and
0.62 + 0.04 g/mL in occipital GM (Table 6.4).

Whittal et al [59] used a similar method to that of Brief et al and measured the
water content of pure WM and GM brain regions to be 0.71 + 0.01 and 0.83 +
0.03 g/mL, comparable to post mortem water content estimates of 71.6 % and
81.9 % for pure WM and GM, respectively [60]. In concentration units, pure WM
and GM water estimates have been reported to be 39.2 and 46.8 mol/kg wet
weight [62]. Even though these estimates are well within the range of the WM
and GM water contents measured in this study (Table 6.4), the average
estimates in this study were found to be lower for the parietal and occipital
voxels. Only the means of the water contents for both GM and WM in the
frontal voxels were directly comparable to those in the literature: 0.82 + 0.05
for GM and 0.75 + 0.04 g/mL for WM in density units, and 46.37 + 2.58 for GM
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and 42.86 + 2.46 mol/kg wet weight for WM in concentration units. The
relative amounts of CSF in the three voxel positions and the voxel tissue mix
(i.e. no “pure” GM or WM in the voxels) could have accounted for the
discrepancies between the reported mean WC and those measured in the
parietal and occipital voxels in this study. In fact, most of the WC values
measured in those two voxels were relatively lower (see the ranges in Table
6.4).

Elsewhere [160], the T, contribution of myelin water to the total water signal
has been subtracted from the decay curve. This yields a signal attributable to
only “solid brain” tissue which is then referenced to an identical volume of
pure water in an external standard. With this technique, Ernst et al [160]
estimated the water content of pure WM and GM to be 0.646 + 0.015 and 0.780
+ 0.015 g/mL, respectively. They however reported average relative signal
losses of 35.4 % and 20.2 % in WM and GM, respectively. An observation by
Whittall et al [59] suggests an explanation to these signal losses in that the fast
relaxing myelin water component accounts for about 11 % and 3 % of the signal
in normal WM and GM, respectively. It is therefore likely that in neglecting the
T, contribution from myelin water, the fully-relaxed water signal is
underestimated, leading to the brain tissue water content being
underestimated. This means that in order to accurately measure the total
tissue water signal, multi-echo techniques will have to acquire as many echo

points as possible, and these should include points close to TE = 0 ms.

The technique of measuring the total tissue water signal presented in this
thesis is not relatively complicated and includes contributions from all possible
“water pools” in the brain. As long as K is accounted for in the model for WC,
the total water signal obtained yields estimates for tissue water content
comparable to the literature estimates. No voxel contained as much of GM or
WM as those amounts in the above studies, and yet all the mean literature
estimates for both GM and WM water contents fall within the range of WC

values for the two tissue classes in this thesis.
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6.3.1.2 Regional Hemispheric Mean Water Contents

For each brain region, the mean of the GM and WM water contents were
calculated. This was to allow for further comparison of the results from the
technique of this thesis to the results of other studies that reported average
brain tissue water contents. As shown in Figure 6.3, the mean + SD of the
water contents in the frontal, parietal and occipital brain regions were 40.06 +
7.84, 35.69 + 5.73 and 36.18 + 7.71 mol/kg wet weights, respectively. The
mean water contents in the three regions did not vary significantly (p = 0.064),

even though the mean water content in the frontal region was slightly higher.
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Figure 6.3: Mean water content in the left hemispheric frontal, parietal and occipital
voxels
Error bars represent +standard deviations

These estimates compare with the average brain tissue water content of 36
moles reported elsewhere [31]. In a study of the water contents in four brain
regions among four age groups, Christiansen et al [61] measured the

unsuppressed-water signal and referenced it to an external water-filled bag.
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Among adolescents (aged 10-15 years), adults (aged 22-28 years) and the aged
(60-74 years), they estimated water contents in the frontal, temporal, occipital
and basal ganglia to be between 35.8 and 39.6 mol/kg wet weight (mean = 36.9
mol/kg wet weight). The water content was not significantly different among
the four brain regions. The average water content (of 51.5 mol/kg wet weight)
in a group of newborns (aged 0-23 days) was however found to be significantly
higher than that in the other three groups (p < 0.01). This thesis did not
include newborns; however, the ages of the subjects studied fell between the
adult and aged groups of Christiansen et al. The estimates of the water
contents for the adult population were comparable between the two studies.
Similarly, this thesis did not also find significant difference in water content in

the three regions of interest.

6.3.1.3 Tissue Water Content by Sex

The voxel tissue contents are compared between males and females in Table
6.5. The mean voxel GM and WM tissue contents were not significantly
different between the two sexes in all three brain regions (p > 0.05). However,
most voxels in the frontal region of the females had more GM tissue compared
to those in the males; nonetheless the mean voxel GM tissue content

difference between them was not, but close to being, significant (p = 0.061).

Brain Mean GM fraction + SD (range) Mean WM fraction + SD (range)

region | Males Females p-value | Males Females p-value

Frontal |0.52 +0.01|0.56 + 0.05 | 0.061 0.48 +0.11 |0.44+0.13 |0.783
(0.50-0.55) | (0.51-0.68) (0.45-0.50) | (0.32-0.49)

Parietal | 0.52 + 0.06 | 0.51 £+ 0.02 | 0.397 | 0.48 +0.06 |0.49 +0.02 | 0.357
(0.37-0.58) | (0.47-0.55) (0.42-0.63) | (0.45-0.53)

Occipital| 0.47 + 0.07 | 0.49 + 0.10 | 0.684 | 0.53 +0.07 |0.51 +0.10 | 0.519
(0.37-0.55) | (0.40-0.76) (0.45-0.63) | (0.24-0.06)

Table 6.5: Voxel tissue compositions in the left hemisphere of subjects by sex.
Comparisons were done by two-sample t-tests

Water contents of GM and WM did not vary significantly between males and

females in the frontal, parietal and occipital brain regions (Table 6.6). The
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mean water contents + SD in mol/kg wet weight for males/females in the
frontal (43.2 + 11.5/47.4 + 11.9; p = 0.412), parietal (33.63 + 5.15/37.6 + 10.0;
p = 0.271) and occipital (33.8 + 3.39/38.6 + 10.1; p = 0.183) regions were also

not significantly different. Females however showed slightly higher mean water

content than males in all the three brain regions (Figure 6.4).

Brain GM Water content + SD (mol/kg) | WM Water content + SD (mol/kg)
region Males Females p-value | Males Females p-value
Frontal |42.8 +11.4|47.0+11.8|0.406 |47.1+11.7|45.6+13.0|0.783
Parietal |36.4+5.7 |38.0+9.6 [0.656 |30.8+6.2 |37.1+10.8|0.116
Occipital | 31.9+5.0 |37.9+13.6|0.213 |35.7+6.7 |39.2+13.5|0.476

Table 6.6: Mean GM and WM water contents compared between males and females

Among the males, GM water content varied significantly (p = 0.016) across the

brain such that frontal WC > parietal WC > occipital. WM water content also

varied significantly (p = 0.001) such that frontal WC > occipital WC > parietal

WC. However, the mean water contents in the three regions were not

significantly different (p = 0.199). The variation in water contents of both GM

and WM followed the same pattern in females but they did not vary
significantly in the three regions (p = 0.136 for GM, p = 0.265 for WM). Mean

water content did not also vary significantly in the three regions (p = 0.128) in

the female group.
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Figure 6.4: Mean water contents in the three voxel positions compared between males and
females.
Error bars represent +standard deviations

To the best of the author’s knowledge, no study in the literature has compared
brain tissue water contents of the above brain regions as measured by MRS

between males and females.

6.3.1.4 Association between Voxel Tissue and Water

Contents

The tissue-specific and mean WC values depend on a number of parameters
(equation 6.3), each contributing in a different way to the estimate. However,
since the thesis focuses on tissue-bound water content, it was necessary to
assess the extent to which the amount of voxel tissue contributed to its
corresponding water content. It can be deduced from equation 6.3 that voxel
tissue and water contents are directly related. It is thus the strength of this

relationship that is investigated in this section.
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The contributions of the voxel contents of GM (Table 6.7) and WM (Table 6.8)
to the estimated water contents in the two tissue classes, and to the mean
water content, for the three regions of interest were investigated by Pearson’s

correlation analysis.

Association; Frontal voxel Parietal voxel Occipital voxel
Significance | GMWC | Mean WC | GM WC Mean WC | GMWC | Mean WC
r; 0.678; 0.070; 0.939; 0.206; 0.361; 0.113;
p-value 0.001 0.768 < 0.01 0.399 0.118 0.636

Table 6.7: Pearson’s correlation analysis of the association between voxel GM tissue
content, GM WC and mean WC.

The mean water content is the average of the GM and WM water contents of the region of
interest; r is the Pearson’s correlation coefficient; and p-value is the strength of the
association

Association; Frontal voxel Parietal voxel Occipital voxel
Significance | WM WC | Mean WC | WM WC Mean WC | WMWWC | Mean WC
r; 0.566; 0.070; 0.945; 0.798; 0.638; 0.113;
p-value 0.009 0.768 < 0.01 < 0.01 0.002 0.636

Table 6.8: Pearson’s correlation analysis of the association between voxel WM tissue
content, WM WC and mean WC

In the frontal voxels, both GM and WM contributed significantly to their
respective water contents. For the GM water content, the voxel content of GM
tissue contribution alone was significant at 45 % (i.e. 0.678% p = 0.001);
whereas the contribution to WM water content of WM tissue alone was about
32 % (p = 0.009). Both tissue types contributed equally, but not significantly (p
= 0.768), to the mean frontal water content.

In the parietal voxels, both tissue types again contributed significantly (p <
0.01) to their respective water contents. However, WM alone still contributed
(about 64 %; p < 0.01) significantly to the mean GM/WM water content. The
parietal brain region is predominantly WM tissue, and so even though the mean
parietal GM was higher than the mean parietal WM (Table 6.3), most voxels

were positioned in the deep WM brain region (see the range of voxel WM tissue
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contents in Table 6.3). This might explain why WM tissue contributed more,
and significantly, to the mean water content in the parietal voxels but GM

tissue did not.

The occipital brain region is predominantly GM. However, most occipital voxels
were placed deeper in the brain, containing more WM tissue (Table 6.3).
Therefore, WM alone contributed significantly to its water content but GM did
not; both tissue types then contributed equally, but not significantly, to the
mean GM/WM occipital water content.

6.3.1.5 Variation in Brain Tissue Water Content wit h Age

In all the three brain regions, neither tissue-specific nor mean water content
variation was found to be associated with age in both sexes, and in the whole
study sample put together. An example regression plot of mean frontal water
content versus age is shown in Figure 6.5. The plot shows an average water
content of 37.38 mol/kg wet weight whose change over time is indicated by
the gradient of the straight line. The gradient, which measures the change in
water content with age, is only 0.0704; this is not a significant change (p =
0.655). In fact, Christiansen et al [61] did not also find a significant difference
in water content in their groups of adolescents, adults and the aged (ages
between 10 and 74 years). Brain tissue water content variation has also been
reported elsewhere [177] to remain insignificant with age in a group of healthy
subjects, aged 20 to 70 years. Similarly, brain tissue water content appears to
be fairly stable with age within the studied age group (between 20 and 64
years) of adults in this thesis.
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Fitted Line Plot for Frontal Water Content vs. Age
Mean WC = 37.38 + 0.0704 Age
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Figure 6.5: Variation in brain tissue water content with age.
No significant change with respect to age was observed: p = 0.655; r = 0.121 (this is only
a 1.4 % increase in tissue water content with age)

6.3.2 Hippocampal Tissue Water Content

Subsections 6.3.2.1-2 discuss the results for study 6B recording MRS data from
the left and right hippocampi of male subjects. The results for this study are
presented in two subsections: the first (section 6.3.2.1) compares the mean
water contents between the left and right hippocampi, and the second (section
6.3.2.2) investigates variation in hippocampal water content with age. All the
subjects in this study were males, and so it was not possible to do the water

content analysis by gender in this case.

6.3.2.1 Left versus Right Hippocampal Water Content s

The mean + SD percentage of hippocampal tissue fraction covered by the voxel
in the left (82 + 6 %) and right (82 + 8 %) hemispheres did not differ (p = 0.706).
The mean + SD of the left hippocampal water content (37.34 + 8.02 mol/kg wet
weight) was not significantly different (p = 0.648) from that of the right
hippocampus (36.24 + 13.93 mol/kg wet weight) as shown in Figure 6.6. In both
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hippocampi, the voxel tissue contents were found to contribute significantly (p

< 0.05) to their respective mean water contents.
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Figure 6.6: Mean water contents in the left and right hippocampi compared.
Error bars represent +standard deviations

6.3.2.2 Variation in Hippocampal Water Content with ~ Age

Variation in hippocampal water content with age was assessed by correlation
tests. The regression plots representing the variation in water contents with
age of the left and right hippocampi are shown in Figures 6.7 and 6.8,
respectively. In both hippocampi, tissue water content did not vary
significantly with age (p > 0.05). The small, but not significant, decreases in
hippocampal water content over time may be suggesting hippocampal tissue
atrophy associated with normal ageing. This could result in a small increase in
CSF within the hippocampal regions over time; the increase in CSF fraction of

the MRS voxel over time has been reported elsewhere [177].
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Fitted Line Plot for Left Hippocampal WC vs. Age
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Figure 6.7: Variation in left hippocampal water content with age.

No significant change with respect to age was observed: p = 0.493; r = -0.138 (this is only

a 1.9 % decrease in tissue water content with age)

Fitted Line Plot for Right Hippocampal WC vs. Age
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Figure 6.8: Variation in right hippocampal water content with age.

No significant change with respect to age was observed: p = 0.926; r = -0.019 (this is only

a 0.04 % decrease in tissue water content with age)
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6.3.3 Distribution Profile of Brain Tissue Water Co ntent

An exploratory one-way ANOVA test was performed on the hemispheric and
hippocampal water contents in order to assess whether whole brain tissue
water content varied across the voxel positions in the two studies (i.e. studies
6A and 6B). This analysis was based on the assumption that the water contents
were estimated for each subject in the frontal, parietal, occipital, left and
right hippocampal voxels. It became necessary to make this assumption
because no single subject in this thesis was scanned in all these voxel positions.
The consequence of the assumption, however, could be that some amount of

inter-subject variability could influence the result of the statistical test.

Figure 6.9 shows the variation of brain tissue water content in the frontal,
parietal, occipital, left and right hippocampi. The exact water content values
for all these brain regions are provided in Table 6.10. The ANOVA test
indicated that the mean water contents did not vary significantly (p = 0.599)
among the five voxel positions. The results thus suggest that brain tissue water
content might be uniformly distributed across the brain (considering the five

regions investigated).
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Figure 6.9: Brain tissue water distribution profile.
Error bars represent tstandard deviations

The limitation of this study is that only the left hemisphere was investigated
for the frontal, parietal and occipital water contents. However, bilateral MT
studies (which also probed tissue water content) indicated that water content
does not vary significantly between the two hemispheres (Table 6.9). In fact,
the left and right hippocampal study also corroborates this argument (section
6.3.2.1). Another limitation is the lack of data for same-brain measurements of
tissue water content in all the five voxel positions. Both gender (section
6.3.1.3) and age (sections 6.3.1.5 and 6.3.2.2) do not appear to influence
tissue water content significantly. Therefore, the expected inter-subject
variability due to the age and gender difference between the two studies
should not substantially affect the results of the ANOVA test combining the
datasets. Nonetheless, it is recommended that future studies measuring
regional brain tissue water content should do so for all voxel positions within

the same brain. Only then can the possibility of the inter-subject variability
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(due to separate voxel positions in different subject groups) be avoided

completely.

6.3.4 Regional Brain Tissue MT Effects

This section presents the results, in three subsections (sections 6.3.4.1-3), of
the MT imaging study (study 6C): section 6.3.4.1 compares the MT ratios
between the left and right hemispheres, section 6.3.4.2 compares the MT
ratios between males and females, and section 6.3.4.3 investigates the
variation of the MT effect with age.

6.3.4.1 Left versus Right Hemispheric MT Ratios

Table 6.9 summarises the comparison of the percentage MT ratios between the
left and right hemispheres, specifically within the same brain structures
investigated for water content (i.e. frontal, parietal, occipital, left and right

hippocampi).

Brain region Mean percentage MT ratio + SD (range) p-value
Left hemisphere Right hemisphere

Frontal 29 + 8 (20-41) 29 + 9 (18-41) 0.640

Parietal 29 + 7 (23-40) 29 + 6 (22-37) 0.135

Occipital 30 + 9 (19-41) 29 + 8 (18-40) 0.904

Hippocampus 21 + 6 (10-27) 22 + 6 (11-27) 0.264

Table 6.9: Percentage MT ratios in the left and right hemispheres compared

Apart from the hippocampus, none of the other three regions was investigated
bilaterally for water content. The paired t-test indicates laterality of
percentage MT ratio in all regions. This may as well be the case for water
content in the frontal, parietal and occipital regions but data was not available
to confirm this. A one-way ANOVA also did not find significant variation in
percentage MT ratio among all the regions (p = 0.081). Thus, the uniform

distribution of percentage MT ratio in these regions corroborates the validity of
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the deduction made about the uniform distribution of tissue water content as

observed in section 6.3.3.

6.3.4.2 Percentage MT Ratio by Sex

For all ROIs, MT ratios did not vary significantly among both males (p = 0.136)
and females (p = 0.310). Mean percentage MT ratios were also not significantly
different between males and females (M/F + SD) in the frontal (23.72 + 6.42
%/33.94 £ 7.36 %; p = 0.091), parietal (25.56 + 5.17 %/32.46 + 6.33 %; p =
0.152) and occipital (26.96 + 6.49 %/32.03 + 9.25 %; p = 0.410) ROIs. Only the
mean hippocampal percentage MT ratios between males (17.03 + 5.28 %) and
females (25.14 + 2.24 %) was found to be significantly different (p = 0.047) as
shown in Figure 6.10.
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Figure 6.10: Mean MT ratios compared between males and females.

For both groups, the means of the MT ratios for all ROIs in the two hemispheres was averaged;
the error bars represent +standard deviations. *The difference in hippocampal MT ratio
between males and females was significantly different (p = 0.047).
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Hippocampal water content was estimated only in males in this thesis and it is
unclear if males and females in a normal population will show a significant
difference in mean hippocampal water content (as with the mean hippocampal
MT ratio observed here). To the best of the author’s knowledge, no study was
cited in the literature investigating gender-related hippocampal water content
or MT effects.

The difference in the age range between males (29-51 years) and females (23-
32 years) was rather too wide, even though the statistical analysis did not show
a significant mean age difference between the two groups (p = 0.101; Table
6.1). Brain tissue atrophy occurs with normal ageing [1, 182]. Atrophy
decreases the amount of water bound in brain tissue which MT imaging
measures. MT ratio has therefore been observed to decrease with atrophy [183-
185]. Hence, it is likely that the lower mean percentage MT ratio in the male
population could be due to age-related atrophy in some of the elderly subjects.
It may also be that the hippocampus is more susceptible to age-related brain
tissue atrophy than the other brain regions. It may however be misleading to
make a conclusion on this significant difference in hippocampal MT ratio with
only 4 subjects in each sex group. This therefore warrants further investigation
of the MT effects in these ROIs in a larger population of males and females
within the same age group. Only then can a conclusion be made on whether the

significance observed in this study is accurate or otherwise.

6.3.4.3 Age-MT Ratio Association

Pearson’s correlation analysis was performed between age and the mean

percentage MT ratios in the frontal, parietal, occipital and hippocampal ROlIs.

Age accounted for 12.3 % (p = 0.395), 7.3 % (p = 0.516), 3.0 % (p = 0.681) and
only 0.7 % (p = 0.848) of the variances in mean percentage MT ratios in the
frontal, parietal, occipital and hippocampal ROls, respectively. The
contribution of age (23-51 years) to the measured MT effects within this
population was not found to be significant as indicated by the p-values (p >

0.05). Age does not therefore appear to explain the significant difference in
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the mean percentage hippocampal MT ratios between males and females as
was thought initially by the author (see discussion in section 6.3.4.2). This

thesis did not however investigate this further due to time limitation.

6.3.5 Comparison between Water Content and MT Ratio

Profiles

The mean MT ratio and water content estimates for all the brain regions

investigated in this chapter are summarised in Table 6.10.

Brain region MT ratio + SD (%) Water content + SD (mol/kg)
Frontal 28.83 + 8.16 40.06 + 7.84

Parietal 29.01 £ 6.33 35.69 +5.73

Occipital 29.50 + 7.91 36.18 + 7.71

Left hippocampus 20.61 +5.98 37.34 + 8.02

Right hippocampus | 21.55 + 5.69 36.24 + 13.93

Table 6.10: Comparison between MT ratio and water content estimates by region of
interest

WM is high in myelin sheaths [186] which promote the MT effect [178, 186] and
so the MT ratios were observed to decrease with decreasing amount of WM
tissue within the selected ROI. Thus in decreasing order of WM tissue
content/MT ratios, Table 6.10 shows that: occipital > parietal > frontal > right
hippocampus > left hippocampus. The predominantly GM brain regions (i.e.

frontal and hippocampal regions) have comparatively less MT effects.

GM water content is reported to be slightly higher than that of WM [49, 58,
59]. Therefore, the predominantly GM brain regions will have more tissue-
bound water than the WM regions. Table 6.10 thus indicates decreasing amount
of tissue water contents from the GM to WM structures; i.e. frontal WC > left

hippocampal WC > right hippocampal WC > occipital WC > parietal WC.

The variations of both MT ratios and water contents were not significant (p >

0.05) across the brain regions studied. Estimation of MT ratio does not require
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any correction (but its reproducibility is affected by flip angle settings and
variation in the By field [1]) as compared to estimation of tissue water content.
It is therefore easier and less time consuming to conduct an MT imaging study.
The comparison of the two datasets in this section indicates that if both
techniques are done on the same subjects, the MT ratio variation could be used

to validate the tissue water distribution profile across the same brain regions.

6.4 Summary and Conclusions

The first objective of the work presented in this chapter was to develop an MRS
technique for the accurate quantification of brain tissue water content. The
technique employs similar corrections (to those in the literature) to the
unsuppressed-water signal using a comprehensive mathematical model that
yields the water content value. The novelty of the technique lies in the use of
the in vivo voxel coordinates to deduce a reference signal. In addition to this,
the unsuppressed-water signal is also obtained from a water-suppressed
acquisition, and a straightforward correction factor is included in the model to
account for T; and partial recovery losses, simultaneously. Therefore, the
developed method is applicable to any water-suppressed acquisition from any
voxel position within the eight-channel head coil. The limitation of its use in
this thesis was the use of measured T, relaxation times in a different sample to
correct the water signal for T, relaxation effects. Most studies in the literature
have corrected for relaxation times in the same way; the study by Brief et al
[58] is an example. This is a common practice since it is inherently impractical
to perform both relaxation and water content measurements in any single
volunteer, simultaneously. In this thesis, the CoVs in the Ty and T, estimates
did not exceed 10 % among the subjects; therefore an error of not more than

this could have been introduced into the water content estimates.

Following the development of the tissue water quantification technique, the
second objective in this chapter was to assess the variation in the quantified
tissue water content across the brain. The brain regions (from two separate

studies) assessed included the frontal, parietal, occipital, left and right



206

hippocampi. Aside from the hippocampi, all other regions were studied only in
the left brain hemisphere due to lack of data for the right hemisphere.
Generally, grey matter (GM) water content was found to be higher (though not
significantly) than white matter (WM) water content, in agreement with the
findings of previous studies. Water content (WC) was found to vary significantly
in both tissue types across the brain, with frontal GM WC > parietal GM WC >
occipital GM WC and frontal WM WC > occipital WM WC > parietal WM WC. The
left and right hippocampal water contents were not significantly different. The
mean water contents did not vary significantly among all the brain regions.
Water contents in the frontal, parietal and occipital regions also did not vary
significantly between males and females; there was no data for hippocampal
water content in females. Water content by tissue type (and mean WC) in all
the brain regions did not vary with age in both males and females; but was

influenced by the amount of each tissue type in the voxel.

Assessment of the variation in regional brain tissue water content was
conducted using the one-way ANOVA test. This was done by putting together
the water content results from two studies: frontal, parietal and occipital WC
from one study, and left and right hippocampal WC from another. Combining
two different datasets from two separate studies investigating different brain
regions could introduce some degree of uncertainty arising from inter-subject
variability in the ANOVA results. With the developed technique in this thesis, it
is possible for future studies to measure water content in all the brain regions

in the same subject within tolerable scan times.

The last objective in this chapter was to use MT imaging to assess the variation
in the MT effect arising from tissue-bound water. This was to enable the
comparison of the variations in brain tissue water content and the MT effect in
the same brain regions. In the MT imaging study, it was possible to study all the
brain regions that should have ideally been studied in the MRS studies. Thus,
bilateral MT effects, expressed as MT ratios (MTR), were measured in the
frontal, parietal, occipital, left and right hippocampi. Even though there is
evidence of regional/anatomical variation of MT ratios in the normal adult

brain [180, 181], and physiological age-related variation in MT ratios [178,



207

179], this thesis did not find variation in the MTRs among the brain regions, and
between the left and right brain hemispheres in those regions. MTR did not also
vary significantly with age and among males and females separately. MTR did
not also vary in those brain regions between males and females except for
mean hippocampal MTR which was significantly higher (p = 0.047) in females.
This however could not be confirmed for the water content in the hippocampus
as no female was studied for hippocampal water content. The female group
comprised of a relatively young population compared to the male group. There
is evidence for high myelin content in the younger brain [178], and myelin has
high amounts of galactocerebrosides which enhance the MT effect, as reflected
by high MT ratios. The sample size for the MT study was however small and the
influence of random errors (arising from subject-specific bias) on this
significant finding cannot be ruled out. Future studies would have to study a
larger sample size of males and females of comparable age groups. This will

minimise any possible age and sample size related effects on the findings.

Comparison of the MTRs and tissue water contents indicated the same pattern
of variation across the brain, and the same associations with age. Both
quantities were fairly uniformly distributed across the brain regions
investigated, and did not vary with age. However, they were not measured in
any one volunteer at the same time and this could be a limitation in the
comparison as the regions of interest did not necessarily contain the same
relative amounts of GM/WM. At best, the ROIs for the MT imaging study were
carefully selected using the structural scans from the MRS studies as a guide.
This minimised substantial mismatch between each MT image ROI and its

corresponding MRS voxel position.

Finally, the findings of the work presented in this chapter are particularly in
support of the suitability of tissue water as a concentration reference for
quantifying cerebral metabolites. The results in this chapter suggest that
cerebral water content does not appear to vary substantially with age, gender
and brain region. However, there could be significant variations in the water

contents between grey and white matter tissues. The water content
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quantification technique presented will make it more convenient and rapid to

quantify the metabolites relative to endogenous tissue water content.



209

Chapter 7. Brain Tissue Water and Metabolite

Concentrations in Psoriasis

7.1 Introduction

Inflammation is a defensive mechanism of the human body against harmful
agents. The inflammatory process could however sometimes lead to a harmful
condition known as auto-immune disease. Common auto-immune diseases
include multiple sclerosis and arthritis. Two forms of arthritis are mostly
studied by MRS in the literature: rheumatoid (in the joints, affecting synovial
fluid) and psoriatic (mostly on the skin, causing plaques) arthritis. Whereas
multiple sclerosis directly affects the brain, arthritis affects peripheral organs

of the human body.

It has been reported that cerebral water content could increase by at least 12%
[154] with associated changes in the levels of cerebral metabolites [187-189] in
multiple sclerosis compared to the normal brain. There is also evidence of the
involvement of the human brain even in peripheral inflammation, where the
brain is not directly involved. MRS studies of rheumatoid arthritis [190, 191],
and at least one study of psoriatic arthritis [191], have also reported changes in
the levels of cerebral metabolites (reported in ratio units). No MRS or any brain
imaging study has reported changes in the levels of water either in the brain or

any part of the body in either forms of arthritis.

In the healthy population, significant changes in the levels of water in body
tissue has been reported to be associated with behavioural/mood and
performance changes [34, 37]. Similarly, the inflammatory condition is also
believed to be associated with behavioural/mood changes in the affected
persons [192-194]. MRS brain studies investigating the relationship between
mood and cerebral metabolite changes in multiple sclerosis, psoriatic and

rheumatoid arthritis have previously been conducted. The most commonly
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studied metabolites in these studies of inflammation (i.e. multiple sclerosis,
psoriatic and rheumatoid arthritis) were NAA, Cho, Cr, Glu and ml. Mood
changes have been found to be associated with changes in ml and Glu,
particularly [195]. However, no previous MRS brain study has studied the
relationship between mood and cerebral water changes in any one of these

inflammatory conditions.

In this chapter, the impact of the peripheral inflammatory condition, psoriatic
arthritis on the absolute concentrations of cerebral water and the metabolites
(i.e. the notable ones above: NAA, Cr, Cho, ml and Glu) will be investigated,
simultaneously. Secondly, the effects of the possible changes in brain
metabolism (i.e. changes in water and metabolites) on mood will also be
explored. Compared to the previous studies, the above investigations are novel
since they involved the simultaneous measurements of the absolute
concentrations (rather than ratios) of cerebral water and the metabolites in
psoriatic arthritis for the first time. Investigation of the mood-water content

relationship in psoriatic arthritis has also not been done previously.

Specific brain regions are believed to be primarily adapted to mood control
(e.g. the prefrontal and hippocampal regions). Therefore, the MRS voxel
positions were prescribed in the prefrontal grey matter (GM) and bilateral
hippocampi. The prefrontal voxel contained predominantly grey matter (mean
+ SD = 86 % + 7), and so the estimated metabolite and water concentrations
were considered to be for grey matter (excluding white matter and CSF). The
hippocampus is a predominantly grey matter brain structure, and so localising
the MRS voxel in the predominantly grey region would make it appropriate to
conduct an exploratory analysis of the regional (i.e. in the prefrontal GM and
hippocampi) variation in the concentrations of the cerebral metabolites and
water. Inclusion of the small amount of white matter tissue in the estimates of
the prefrontal concentrations would rather yield an average for the two tissue
types, and it would then not be appropriate to conduct the required
exploratory analysis. It is important to mention that, the voxel tissue contents

of the previous studies of the above inflammatory conditions were
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predominantly white matter; thus, the work presented here is unique regarding

the brain tissue type studied.

Cerebral water and creatine (Cr) have been used as endogenous references in
absolute quantitative MRS. Variation in cerebral water content with age,
gender and brain region was investigated in chapter 6 in order to test whether
its concentration remains the same with these variables. The work in this
chapter thus also tests the variations in the cerebral concentrations of Cr and
water with age, gender and brain region in order to compare the two for their
stability with these variables. In fact, NAA [196] and Cho [197] are also
sometimes used as denominators for expressing metabolite ratios. For this

reason, NAA and Cho were also included in the above exploratory analysis.

Before describing the work in this chapter in detail, it would be helpful to
provide some background to the cause and progression of inflammation
(section 7.1.1.1), and how the brain is implicated in the inflammatory process
(section 7.1.1.2). One of the treatment options of the condition is the use of
anti-inflammatory medication, which tries to reverse the inflammatory
process. Thus, a discussion of the role of anti-inflammatory therapy on brain
chemistry and the consequence of this effect on mood is also presented
(section 7.1.1.3). Finally, this background section concludes with a brief
discussion on what MRS can offer in the studies of inflammation, and the

objectives of this chapter (7.1.2).

7.1.1 Brain involvement in Psoriasis

7.1.1.1 Pathogenesis of Inflammatory Disease

The immune system (through vascular tissues) of the body offers complex
biological mechanisms to protect it from various disease causing agents known
as pathogens, as well as other potential harmful substances such as damaged
cells or irritants. This immune response mechanism of the body is known as

inflammation. The primary purpose of the inflammatory mechanism is to
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remove the injurious agent and initiate a healing process for the tissue.
Inflammation is not necessarily an infection but can be caused by an infectious
pathogen [198, 199].

In some cases, the immune system of the body inappropriately triggers the
inflammatory response in the absence of the harmful agent. This is known as
auto-immune response, and it results in the release of white blood cell
chemicals that otherwise become harmful to the tissues of the body. The initial
inflammatory response increases the movement of plasma and leukocytes from
the blood into the injured tissues; this is known as acute inflammation. A
cascade of biochemical events may occur and translate the acute response into
chronic inflammation which progressively changes the type of cells within the
site of the inflammation [200]. Chronic inflammation is characterised by the
simultaneous destruction and healing of tissues, which can result in a host of
diseases including rheumatoid (RA) and psoriatic (PsA) arthritis [199-201]. The
chronic inflammatory, non-contagious autoimmune disease of focus in this

thesis is psoriatic arthritis (PsA).

Psoriasis commonly causes red, scaly patches to appear on the skin and joints.
The scaly patches, called psoriatic plaques, are areas of inflammation and
excessive skin production (which results in the rapid accumulation of skin,
silvery-white in appearance, at these sites). Common occurrences of plaques
are on the (extensor) skin of the elbows and knees, but can affect any part of
the body including the scalp, fingernails and genitals. Psoriatic inflammation
(or plaques) of the joint is what is known as psoriatic arthritis. The symptoms
vary among different patients, and may also go through various cycles in a
patient. The cause of PsA is not clear but it is believed to have a genetic
component; and is likely to be aggravated in affected individuals by stress,
smoking, excessive alcoholism and withdrawal of systemic corticosteroid [192,
202]. Due to its chronic recurrent nature, PsA is difficult to treat despite the

availability of a number of treatment options [191].
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7.1.1.2 Involvement of the Central Nervous System i n

Inflammatory Disease

Apart from immune cells, non-immune cells such as epithelial cells, endothelial
cells and fibroblasts also contribute to inflammatory processes [199].
Inflammatory pathways and their target tissues vary widely depending on the
nature of stimulants. In the presence of bacterial infection, the immune cells
through specific receptors immediately sense pathogens. Activation of
pathogen-specific receptors induces the production of inflammatory mediators
such as inflammatory cytokines [e.g. tumor necrosis factor (TNF), interleukin-1
(IL-1) and interleukin-6 (IL-6)] and chemokines. These mediators rapidly
accelerate the progression of inflammation by modifying the permeability of
vascular endothelial tissues; they also direct neutrophils and excess plasma
into the site of infection. At the same time, the invading pathogens are

targeted and destroyed by the immune cells [192, 199].

In most cases, inflammatory responses extend toward systemic effects through
the excessive production of pro-inflammatory cytokines, which mediate the
secretion of acute phase proteins by the liver cells [199]. These proteins, in
turn, induce brain endothelium and facilitate the production of prostaglandins,
which are primarily responsible for the onset of symptoms (e.g. psoriatic

arthritis) through their effects on the central nervous system.

7.1.1.3 Effect of Anti-inflammatory Therapy on Brai n
Chemistry and Mood

In peripheral disease, such as PsA, animal studies [203, 204] have shown that
peripheral immune cells access the brain through humoral and/or neural
routes, resulting in central neural changes and associated behavioural
alterations. TNF-a (a pro-inflammatory cytokine) signalling was implicated as
the prerequisite for this peripheral-CNS communication process to occur [199,
203, 204]. This peripheral cytokine (TNF-a) stimulates microglia to produce the

harmful protein molecules that access the brain through a number of ways
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including crossing the blood brain barrier [192, 193]. There is also an indication
[189, 205] that during the inflammatory process, the CNS might attempt to
reduce neuroinflammation by conducting some water-soluble proteins out of
the brain to the site of inflammation; thus increasing the levels of cerebral
water, which could possibly result in edema [205]. Chronic inflammation may
arise where this defensive function of the brain has been compromised.
Therefore, any form of anti-TNF-a therapy targeted at inhibiting microglial
activation or blocking the receptors of microglia could reverse the
communication pathway between the CNS and the periphery, and reduce the

physiological and behavioural impacts of peripheral inflammation [192-194].

The inflammatory-related physiological changes in the CNS have been reported
by brain imaging studies (including fMRI [206], PET [207] and SPECT [208]) to
be associated with under-activation of the forebrain structures (notably the
dorsolateral prefrontal and anterior cingulate cortices) and over-activation of
the limbic structures (notably the hippocampus, amygdala, insula and
thalamus). This activation pattern has been shown by various "H-MRS studies to
correlate with changes in brain chemistry in these brain regions [209-213].The
consequence of these physiological alterations in these brain regions might

explain the associated behavioural changes over time.

7.1.2 The Role of MRS in Studies of Inflammation an d

Objectives

In section 7.1.1, it can be inferred that inflammation has a molecular basis
which involves initial biochemical processes at the cell level. Even though
inflammation may affect peripheral organs, the involvement of the brain in the
disease process could have implications for normal cerebral metabolism. Thus,
subtle biochemical changes may occur in the brain, but may not be visible on a
normal MRI of the affected individual. MRS is relatively sensitive [1] at
recording the minute inflammation-related biochemical changes before the

effects of the disease are manifested on a macroscopic scale on MRI.
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The previous section has also indicated that as a chronic inflammatory
condition, psoriatic arthritis can be treated by an anti-TNF-a medication that
acts to reverse the communication pattern between the mood-regulating brain
regions and the peripheral inflammation sites, and possibly impact on mood as
a result. In this thesis, therefore, psoriatic arthritis patients received an
intravenous injection of anti-inflammatory/anti-TNF-a medication, and MRS of
their prefrontal and hippocampal brain regions were studied to observe
changes in their neurochemistry (i.e. cerebral water and metabolites), and

associated mood changes.

The objectives of this chapter were to:

1. Develop a method to quantify cerebral metabolites using an optimised
endogenous water signal from the same MRS acquisition;

2. Quantify changes (from normal and with anti-inflammatory medication) in
prefrontal and hippocampal metabolite and water concentrations in
psoriatic arthritis (PsA) patients;

3. Investigate possible associations between metabolite concentrations as
measured by MRS and mood assessment outcomes in medicated PsA
patients;

4.  Assess the variation in regional water and metabolite concentrations in

the brains of PsA patients and healthy controls.
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7.2 Methods

7.2.1 Subjects, Mood Assessment, MRI/MRS and Voxel

Placement

7.2.1.1 Recruitment of study volunteers and their

characteristics

The patient group in this study were recruited in the context of another study
that was not part of this thesis. This patient group comprised of subjects
diagnosed with psoriatic arthritis (PsA) and were attending the Rheumatology
departments of NHS Greater Glasgow and Clyde Hospitals. Prior to study entry,
no patient was receiving the Etanercept medication as a treatment for
psoriatic arthritis. On study entry, they received the medication only after
their first (or baseline) MRS scans. Etanercept is a TNF-a blockade medication
for inflammatory conditions, including PsA. The study and the exact procedure
participants went through were described to prospective PsA volunteers and
only those who gave prior written consent participated in the study. The
control group was recruited for the study in this thesis, specifically. Ethical
issues about the study and eligibility screening of the study volunteers were

discussed in section 2.3.5.

Each group of the controls and patients comprised of 8 males and 8 females.
The controls/patients did not vary significantly in mean age (SD): 38.9
(11.9)/45.9 (9.9) years, p = 0.068. There were no significant mean age (SD)
differences between males/females in the patient (46.3 (10.3)/45.0 (10.8)
years, p = 0.816) and control (37.1 (12.9)/36.1 (11.2) years, p = 0.871) groups.
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7.2.1.2 Medication and Mood Assessment of the

Psoriasis Patients

The patients had an MRS scan prior to taking the Etanercept medication (given
intravenously), followed by 6-8 weeks of the medication, and another MRS scan
post-medication. The Beck’s Depression Inventory (BDI), a self-assessment
mood questionnaire, was answered by each patient before each one of the MRS

scan sessions (i.e. at pre- and post-medications).

The BDI (Appendix 7.1) is a 21-item questionnaire, each item comprising of four
questions arranged in worsening order of mood condition that are scored from
0 to 3. For all 21 questions, the volunteer marks the score corresponding to
their present mood condition and then sums up all the scores for each one of
the 21 questions by counting the marked scores. If the participant scores 3 on
all twenty-one questions, then the highest total for the entire test will be 63;
and the lowest possible score will be 0 if they scored 0 on each one of the
twenty-one questions. When the total depression score is evaluated, the level

of depression in the individual can be interpreted according to Table 7.1.

Total BDI score Level of depression

1-10 These ups and downs are considered normal
11-16 Mild mood disturbance

17-20 Borderline clinical depression

21-30 Moderate depression

31-40 Severe depression

Over 40 Extreme depression

Table 7.1: Interpretation of the Beck’s Depression Inventory

A persistent score of 17 or above indicates that the patient requires some
medical attention.
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7.2.1.3 MRI/MRS Protocol and Voxel Placements

The MRI protocol consisted of Ti-weighted FLAIR sagittal and T,-weighted FSE
propeller axial scans, each with the following acquisition parameters: TR =
25000 ms, FOV = 24 x 24 cm?, 21 oblique slices parallel to the hippocampus,
each of slice thickness 4 mm with no slice gaps. A high resolution T;-weighted
IR-FSPGR 3D axial MRI (TR/TE/TI = 6.9/1.6/920 ms, matrix size = 320 x 160 x 4)

was also acquired for the purpose of partial volume correction (section 5.2.4).

All MRS acquisitions were performed using the PRESS localisation sequence with
CHESS water suppression, NSA = 128, and NEX = 8.

Spectra were acquired from the prefrontal brain region (Figure 7.1) using
TE/TR = 35/2000 ms. The VOI was adjusted for the brain size of each subject,
and positioned in the dorso-ventral region of the anterior cingulate cortex,
covering sections of both halves of the prefrontal brain, just next to the frontal
region of the corpus callosum. The VOI sizes therefore ranged between 8.0 and
14.5 mL, and covered predominantly grey matter tissue. The voxel position in
the prefrontal brain region is also known as the anterior cingulate cortex
(ACC).

Al i
Figure 7.1: Voxel placement in the prefrontal brain (ACC).
The images are shown in the sagittal (a) and axial (b) views

Spectra from the right (Figure 7.2a) and left (Figure 7.2b) hippocampi were
acquired using TE/TR = 144/2000 ms. Rectangular voxels were adjusted for the
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brain size of each subject, and planned with the longest dimension along the
axis of the hippocampus, starting just posterior to the amygdala. The VOI sizes

ranged between 5.3 and 13.2 mL.

Figure 7.2: Voxel placement in the right (a) and left (b) hippocampi of the same volunteer

Voxels were carefully positioned to avoid artifacts in the spectra arising from
the nasal cavity and CSF around the hippocampi. The voxels were varied for
the ACC and hippocampal brain regions due to differences in brain sizes of the
volunteers. The use of varying voxel sizes in the same MRS study is not new as
it has been done previously [214]. However, correction for the varying voxel
sizes were performed in the calculation of the concentrations of water and
metabolites using the VOl ,in (equation 6.1) and fiissue (€quation 7.2) correction

terms, respectively.

The long TE of 144 ms was used for the MRS of the hippocampi in order to
eliminate potential signal contributions from CSF and lipids surrounding the
hippocampi, a situation which is relatively minimal in the prefrontal region.
Therefore, it was possible to measure all the metabolites of interest (i.e. NAA,
Cr, Cho, ml and Glu; section 7.1) in the prefrontal region, whereas only NAA,
Cr and Cho were those measured from the hippocampal regions. In fact, these
were the main metabolites of interest in the hippocampal region; they were
required for the regional variation exploratory analysis (section 7.1).
Therefore, the TE values of 35 ms and 144 ms were appropriate for the studies
reported in this chapter.
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7.2.2 Data Analysis

7.2.2.1 Calculation and Interpretation of Changesi n BDI

Scores

For the patient group, the percentage changes in the BDI scores (%A BDI)
between baseline (BDlye) and post-medication (BDlpost) mood scores were

calculated according to:

%A BDI = [(BDIpost - BDIpre)/BDIpre] X 100 % (Eq. 7.1)

From equation 7.1, a negative value of %A BDI corresponds to a reduction in
the BDI score post-medication, indicating an improved mood condition; a
positive %A BDI value on the other hand means a worsened mood condition

post-medication.

7.2.2.2 Calculation of Tissue Water and Metabolite

Concentrations

MR spectra were analysed as described in sections 2.3.1.2-3: spectral peak
areas of water (Aprain) and metabolites (Ayet) Were derived from the 16/NEX and
NSA/NEX lines, respectively (equation 2.19). Both prefrontal and hippocampal
MRS acquisitions were performed using NEX = 8 and NSA = 128; therefore Aprain

and Ayet resulted from 2 and 16 spectral lines, respectively.

Tissue water content was calculated according to equation 6.3, and expressed
in the units of mol/kg wet weight. Brain metabolite concentrations were

calculated according to the following equation:

AMet RZ_brain 2 1
[Met] = X X X x 55510 mM/L (Eq. 7.2)

Abrain X kpr RT_Met NMet f tissue
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In equation 7.2, for a given metabolite, [Met] is the metabolite concentration
in mM/L, Ayet is the spectral peak area of the metabolite, Nyet is the number of
protons contributing to the spectral peak of the metabolite (NAA: 3, Cr: 3,
Cho: 9, ml: 4, Glu: 2 [31]), the constant value of 2 is the number of protons
contributing to the water peak area, and Rr wet is the correction factor
accounting for both Ty and T, relaxation effects in the metabolite signal from
the ACC and hippocampal regions (section 5.3.2). Apnin is the spectral peak
area of the in vivo unsuppressed-water signal from the acquisition of Ayet, Kpr is
the compensation factor for the fractional water signal loss due to partial
recovery and T; relaxation effects together (section 5.3.3) in Aprain, Rz prain 1S
the correction factor for T, relaxation effects in Apnain (section 5.3.2), frissue iS
the voxel tissue fraction (section 5.2.4), and 55 510 mM/L is the concentration

of pure water.

Note that the actual total voxel tissue contents should contain both GM and
WM, so that 1/fissue Would be replaced by (1/fem + 1/fwm), and [Met] would be
concentration attributable to the two tissue types, [Met]lewm + [Met]wm.
However, this thesis ignores the small fraction of WM in the voxel (mean +SD =
7 % +3), leaving only the metabolite (and water) concentrations in the required
GM tissue, [Met]em (section 7.1). This was done for the prefrontal voxels; for
the hippocampal voxels, 1/fissue Was the whole hippocampal tissue within the
voxel (since the hippocampus is a GM structure). By ignoring the prefrontal
WM, this thesis does not assume that the prefrontal voxel contained only GM
tissue but only did so for a purpose (see section 7.1). Due to the GM/WM tissue
mix in the brain, it is inherently impractical that the voxel can contain
exclusively one tissue type. Most MRS studies [22, 58, 190, 215], including the
work in this chapter, typically prescribe the voxel in a region where one of the
tissue types is predominant, so that concentrations would be reported as

though they were from one tissue type.

According to equation 7.2, the concentration of the metabolite, [Met] is
expressed in mM/L. However, this was further converted to mM/kg wet weight
by dividing the result in equation 7.2 by the density of pure water at 37 °C
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(which is 0.9934 g/mL). This unit conversion was done in order to express both
water and metabolite concentrations in similar units, referenced to tissue

water density.

7.2.2.3 Estimation of Changes in Water and Metaboli te

Concentrations in the Patients

In the patient group, percentage changes in water and metabolite
concentrations (%A C) between baseline (Cpe) and post-medication (Cpost)

concentrations were calculated from:

%A C = [(Cpost - Cpre)/Cpre] X 100 % (Eq. 7.3)

According to equation 7.3, if there is a concentration increase post-
medication, %A C will have a positive value; a concentration decrease post-

medication will yield a negative %A C value.

7.3 Results and Discussion

The results discussed in this section are presented in four subsections:
assessment of the mood changes in the psoriasis patients between baseline and
follow up (section 7.3.1), comparison of the concentrations of cerebral water
and metabolites between PsA patients and controls in the prefrontal (section
7.3.2) and hippocampal (section 7.3.3) brain regions, and assessment of the
regional variation in cerebral water and metabolite concentrations in PsA

patients and controls (section 7.3.4).

7.3.1 Mood Assessment Outcomes in Psoriatic Patient S

The BDI mood assessment (BDl,e) of the 16 psoriatic arthritis patients prior to
the Etanercept medication indicated that 7 were normal, 5 had mild mood

disturbances, 3 were moderately depressed and only 1 patient was on the
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borderline of clinical depression (only those 4 patients in the last two groups
could be considered depressed). After medication, percentage changes in BDI
scores (%A BDI) showed that the mood conditions of 10 patients improved. Of
these 10 patients, 6 were initially normal, 2 had mild mood disturbances, 1
each was on borderline depression and moderately depressed. Only one patient
(who was initially moderately depressed) was on borderline depression post-

medication; the other nine patients were all normal post-medication.

The BDI scores of four patients rather increased post-medication, indicating
worsened mood conditions. Of these four, 2 each had mild mood disturbances
and moderate depression pre-medication. Following medication, the two
patients who were moderately depressed were still moderately depressed,
while the other two patients who were mildly depressed were now moderately

depressed (representing a worsened mood condition).

One patient had mild mood disturbances initially, and still maintained the same
mood condition (with the same BDI score at pre- and post-medication). Another
patient who was normal at pre-medication could not be followed up for post-

medication BDI assessment - this patient dropped out of the study.

Putting together all those patients who took the BDI assessment at baseline and
follow up, there was an average mood improvement (i.e. BDI decrease) of
about 9.92 + 0.34 % (BDlpre = 12.8 £ 1.8; BDlpost = 11.5 + 2.5); values are means
+ SE. This average percentage change in BDI was however not significant (p =
0.864).

7.3.1.1 Gender differences in BDI scores

Table 7.2 shows the sex-age distribution of the psoriatic arthritis patients, with
their respective BDI scores at baseline (BDlye), post-medication (BDlyest) and
percentage changes in BDI scores (%A BDI). Only identifiers (e.g. p01, p02, etc)
are used to represent the patients’ names, consistent with the ethical

provisions of the study.
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Prior to the anti-inflammatory medication, the mood conditions of the 8 males
(M) and 8 females (F) by gender were (BDI scores are given as M/F): normal =
5/2, mild mood disturbances = 2/3, borderline clinical depression = 0/1, and
moderate depression = 1/2. At post-medication, one male dropped out leaving
a male/female distribution of M/F = 7/8 with the following mood scores (given
as M/F): normal = 5/4, mild mood disturbances = 0/1, borderline clinical
depression = 0/1, and moderate depression = 1/2 (diagnosis were done
according to Table 7.1). Overall, more females showed worse mood conditions
than males. This is consistent with observations made previously that
depression is more common among women compared to men [190, 216, 217],
and so some authors have identified the female gender as a co-morbid
diagnosis of depression [218]. However, post-medication, the percentage
change (SD) in the BDI scores between males (-16.3 (12) %) and females (-20.8
(21) %) were not significantly different (p = 0.857). Both sexes showed
improved mood conditions but females responded better to mood improvement
than did males (but the mean response, %A BDI did not reach statistical
significance). Indeed, this finding is in agreement with the observation made
elsewhere [217] that the antidepressant effect of some antidepressants is
faster in women. This implies that the anti-inflammatory medication may as
well have this antidepressant effect that is manifested more among the

females in this study.
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Patient | Sex Age (years) | BDlpre BDlpost | ABDI (%)
p01* M 38 2

p02 F 49 17 3 -82.4
p03 M 36 16 22 37.5
p04 F 33 2 1 -50.0
p05 F 34 11 4 -63.6
p06 M 56 5 2 -60.0
p07 M 34 22 23 4.6
p08 F 62 16 16 0
p09 M 49 9 6 -33.3
p10 F 49 7 5 -28.6
p11 M 42 14 10 -28.6
p12 M 53 5 4 -20.0
p13 F 47 25 29 16.0
p14 M 31 7 6 -14.3
p15 F 56 23 18 -21.7
p16 F 32 13 24 84.6

Table 7.2: Patients age-sex distribution and mood scores at baseline and post-medication.
Negative values are reductions in BDI, positive values are increases in BDI, ABDI is the
percentage change in BDI between pre-medication mood scores (BDl,.) and post-medication
mood scores (BDlpos:); *patient dropped out of study

Those patients who were identified to be depressed according to the BDI
questionnaire were not further assessed for clinical depression (i.e. major
depressive disorder) using either one of the Structured Clinical Interview for
DSM-111-R-patient version (SCID-P) [219] or the 17-item Hamilton Rating Scale
for Depression (HRSD) [220] criteria. This was because the current study was
not aimed at looking at clinical depression specifically but was aimed at
assessing mood changes associated with the pathogenesis and treatment of
peripheral inflammation (psoriatic arthritis in this case). The BDI assessment
was therefore thought to be sufficient for this purpose, and which happens to
identify clinical depression as well. Moreover, all 21 BDI items have been

reported to be relatively sensitive at picking up depressive symptoms [221].
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7.3.1.2 Association between age and BDI Scores

The mood scores were positively, but not strongly, correlated with age at
baseline (r = 0.107, p = 0.692) and follow up (r = 0.177, p = 0.529). Age
contributed to only about 15.8 % of the variance in the change in BDI scores,
and so the correlation (Figure 7.3) between age and %A BDI was weak and not

significant (p = 0.397, p = 0.160).

Fitted Line Plot for change in BDI vs. Age
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Figure 7.3: Correlation between change in mood scores and age in the patient group

7.3.2 MRS of the Prefrontal Brain

7.3.2.1 Assessment of prefrontal voxel GM/WM tissue

contents

The mean (SE) ACC voxel tissue contents were not significantly different
between controls and patients at baseline (0.75 (0.07) vs. 0.82 (0.07); p
0.479), controls and patients post-medication (0.75 (0.06) vs.0.85 (0.07); p
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0.283), and patients at pre- and post-medication (0.80 (0.08) vs. 0.85 (0.07); p
= 0.658).

Mean (SE) ACC voxel tissue contents also did not vary significantly between
males/females in the control (0.74 (0.10)/0.75 (0.11); p = 0.923) and patient
groups at baseline (0.90 (0.08)/0.72 (0.12); p = 0.234) and post-medication
(0.89 (0.10)/0.82 (0.10); p = 0.628). There was neither significant difference
between males in the control vs. patient groups nor females in the two groups
compared, both at baseline and follow up (p > 0.05). Since there were no
significant differences in the voxel tissue contents, any group differences or
changes between baseline and follow up in the tissue water and metabolite
concentrations could not have been due to substantial variations in the voxel

tissue contents.

7.3.2.2 Tissue Water Content in Psoriatic versus He  althy

Subjects

One patient dropped out and two MRS acquisitions post-medication were of
poor quality. Therefore, data for 13 subjects could be analysed at follow up. In
order to have equal sample sizes (to that in the post-medication group) at
baseline and in the control group, data for 13 subjects (7M/6F) were used in
the final analysis. The individual value plots (red dots) comparing the tissue
water values of all subjects in the control, pre-medication and post-medication
groups are shown in Figure 7.4. The mean tissue water content in each group is

shown by the blue dots.
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Individual Value Plot of Frontal Brain WC in Controls vs. Patients
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Figure 7.4: Individual value plots comparing the tissue water contents in the prefrontal
brains of healthy subjects and psoriatic patients before and after anti-inflammatory
medication.

The red dots represent water contents of individual subjects (n = 13 in each group), the blue
dots are the mean water contents for each group, and the blue bars are the 95 % confidence
intervals of the mean values

The mean tissue water content (SE) in the: controls was 37.0 (2.8), patients at
pre-medication was 39.0 (3.0) and post-medication was 42.72 (2.5) mol/kg wet
weight. The difference in mean tissue water contents was not significant
between controls and patients pre-medication (p = 0.629), between controls
and patients post-medication (p = 0.141). Pre- and post-medication mean
water contents were not also significantly different (p = 0.352). Indeed, all the
95 % confidence intervals of the mean tissue water values for the three groups
shown in Figure 7.4 are overlapping. There is thus no significant difference in

the three means.

7.3.2.2.1 Gender differences in prefrontal water co ntent in controls and

patients

In the control group, the mean tissue water content (SE) in males (39.0 (3.8)

mol/kg wet weight) and females (38.5 (5.4) mol/kg wet weight) were not
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different (p = 0.941). Male/female patients did not also show significant
differences in mean tissue water contents (SE) in mol/kg wet weight at
baseline (45.3 (3.1)/36.8 (6.1); p = 0.245) and follow up (46.0 (4.4)/42.2 (4.7);
p = 0.564).

Among male PsA patients alone, baseline (45.3 (3.1) mol/kg wet weight) and
follow up (46.0 (4.4) mol/kg wet weight) mean tissue water contents (SE) did
not vary significantly (p = 0.961). Females also did not show significant
difference (p = 0.430) in mean water content (SE) between baseline (36.8 (6.1)

mol/kg wet weight) and follow up (42.2 (4.7) mol/kg wet weight).

Mean water contents (SE) in mol/kg wet weight between controls/patients at
baseline were not significantly different in males (39.0 (3.8)/45.3 (3.1); p =
0.222) and females (38.5 (5.4)/36.8 (6.1); p = 0.837). Following medication,
the differences in the mean water contents (SE) in mol/kg wet weight between
controls/post-medicated patients were still not significant in males (39.0
(3.8)/46.0 (4.4); p = 0.251) and females (38.5 (5.4)/42.2 (4.7); p = 0.618).
Thus, the percentage changes in tissue water content were not found to be
significant in both male and female patients considered separately (p > 0.05 in

each case), and also in the two sexes compared (p = 0.315).

7.3.2.2.2 Association between age and prefrontal ti  ssue water content in

controls and patients

There was no strong correlation between ACC tissue water content and age in
the control (r = 0.119, p = 0.648) and patient groups at baseline (r = 0.025, p =
0.933) and post-medication (r = 0.056, p = 0.850). Similarly, the association
between age and change (between pre- and post-medication) in ACC tissue
water content was weak (p = 0.281, p = 0.659). Age was therefore not
expected to be a mediator of any group differences in water content, as well
as water content changes following medication. The positive, but weak,
correlation of age with water content however indicates that prefrontal brain

tissue water content increases slightly with healthy ageing.
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7.3.2.2.3 Link between changes in prefrontal tissue  water content and mood

in psoriasis

Figure 7.5 shows the fitted line plot for percentage changes in mood and tissue
water content in the patient group. Along the %A BDI axis, most of the plotted
points (red dots) fall below the zero mark, indicating that most patients
improved in mood post-medication. Most (8/14) points along the %A water
content on the other hand fall almost along the zero mark, indicating that
tissue water content did not change much with medication in most patients.
Both parameters however did not change significantly, and the small increase

in water content was not necessarily linked to significant improvement in

mood.
Fitted Line Plot for changes in BDI vs. WC
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Figure 7.5: Correlation between percentage changes in mood scores and tissue water
contents in the PsA patients

The mood scores of patients at baseline (r = -0.031, p = 0.916) and follow up
(r = -0.326, p = 0.287) were both inversely correlated with the tissue water

contents at the respective stages. The inverse correlations meant that a higher
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tissue water content is associated with a lower BDI score (i.e. better mood or
lesser depression). The percentage changes in BDI scores and tissue water
0.321, p = 0.482).

change in water content was associated with a greater change in mood scores,

content were positively correlated (p = Thus, a greater

in the same direction (i.e. either both are increasing or decreasing,
0.321),

change in tissue water content contributes about 10.3 % to the change in mood

simultaneously). From the spearman’s correlation coefficient (p =
scores. However, all the correlations deduced in these cases were weak (as

shown by the r and p values) and not significant (p > 0.05 in each case).

7.3.2.3 Metabolite Concentrations in Psoriatic vers us

Healthy Subjects

The mean concentrations of the five quantified metabolites are compared
between controls and patients (at baseline and follow up) in Table 7.3. The
mean concentrations are for males and females combined in each group.
Separate comparisons of the mean concentrations between males and females
in each group are shown in Table 7.4. A sample size of 13 (7M/6F) was used in
all those comparisons for the same reason as discussed in the first paragraph of
section 7.3.2.2.

Mean concentration (SE) in mM/kg P-values for group comparisons
Controls Pre- Post- Cvs.Pr | Cvs. Po |[Prvs. Po
(©) medication | medication

Metabolite (Pr) (Po)

NAA 10.42 (0.49) 9.45 (0.35) | 9.51 (0.46) | 0.121 0.187 0.882

Cr 7.78 (0.38) | 6.34 (0.38) | 6.69 (0.25) | 0.014 0.027 0.274

Cho 1.83 (0.11) | 2.03 (0.10) | 1.94 (0.05) | 0.170 0.371 0.110

Glu 9.38 (0.32) | 8.93 (0.45) | 9.05 (0.71) | 0.432 0.681 0.800

ml 7.66 (0.55) | 6.05 (0.62) | 5.87 (0.78) | 0.063 0.078 0.322

Table 7.3: Comparison of the quantified metabolite concentrations between controls and
patients at baseline and post-medication
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Mean Concentration (SE)/mMkg™ in Males/Females; p-value

Metabolite | Controls Pre-medication Post-medication

NAA 9.65 (0.72)/11.19 (0.59) 9.27 (0.35)/9.66 (0.66)] 9.93(0.82)/9.01 (0.27)
p=0.121 p=0.619 p = 0.327

Cr 7.64 (0.75)/7.90 (0.35) | 6.03 (0.56)/6.66 (0.53] 6.45 (0.29)/6.97 (0.42
p=0.763 p = 0.433 p=0.335

Cho 1.73 (0.14)/1.96 (0.17) | 2.17 (0.11)/1.89 (0.15] 2.02 (0.04)/1.85 (0.10
p=0.311 p =0.166 p =0.156

Glu 8.71 (0.37)/9.65 (0.36) | 9.18 (0.55)/8.64 (0.79) 8.32 (0.47)/9.78 (1.3)
p =0.330 p = 0.596 p =0.348

ml 7.46 (0.70)/7.94 (0.96) | 6.54 (0.95)/5.63 (0.84] 6.33 (1.10)/5.32 (1.20
p =0.693 p = 0.487 p = 0.548

Table 7.4: Comparison of the mean metabolite concentrations between males and females in
the control and patient groups at baseline and post-medication

In Table 7.3, concentrations of all the metabolites were lower in patients
compared to the controls, both at baseline and post-medication; only choline
(Cho) was slightly higher in patients than in controls at baseline and post-
medication. However, none of these differences reached statistical significance
(p > 0.05) except for creatine, Cr (see below). The decrease in myo-inositol
(ml) concentration in the patients (relative to controls) almost reached
significance at baseline (p = 0.063) and follow up (p = 0.078). Only the
concentration of Cr was significantly lower in the patients compared to the
controls at baseline (p = 0.014) and post-medication (p = 0.027). Following
medication, the concentrations of all the metabolites increased slightly except
those of ml and Cho which were slightly decreased. No metabolite
concentration was significantly different between pre- and post medication (p

> 0.05).

7.3.2.3.1 Gender differences in prefrontal metaboli te concentrations in

controls and patients

There were no gender differences in all the metabolite concentrations among
controls, patients at baseline and post-medication (Table 7.4). This meant that
the patterns of metabolite changes in the ACC region resulting from PsA were

similar in both males and females. In the control group, all the metabolites
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were slightly higher in females than in males; but none of the differences was
statistically significant (p > 0.05). However, there was no specific trend in
metabolite level differences between males and females in the patient group,

both at baseline and post-medication.

7.3.2.3.2 Association between age and prefrontal me  tabolite concentrations
in controls and patients

In the control group, age and each one of the NAA (r = -0.130, p = 0.631), Cr (r
=-0.143, p = 0.611), Glu (r = -0.354, p = 0.259), and ml (r = -0.142, p = 0.628)
concentrations were inversely correlated. Only the concentration of Cho was
positively correlated with age (r = 0.240, p = 0.430) in the controls. However,
none of these correlations was significant (p > 0.05 in each case). Nonetheless,
the results indicate that in the control group, to some extent, healthy ageing is
associated with decreased levels of NAA, Cr, Glu and ml; but increased levels

of Cho in the prefrontal brain.

In the PsA patient group, age was inversely correlated with changes in the
concentrations of NAA (r = -0.258, p = 0.443), Cr (r = -0.297, p = 0.348), and
Cho (r = -0.036, p = 0.911); but was positively correlated with changes in the
concentrations of Glu (r = 0.377, p = 0.317) and ml (r = 0.465, p = 0.207). None
of the correlations was however found to be significant (p > 0.05 in each case)
but indicated that given the Etanercept medication, older PsA patients are
more likely to show smaller changes in the concentrations of NAA, Cr and Cho
compared to younger patients; whereas the reverse is true for changes in Glu

and ml concentrations.

7.3.2.3.3 Link between changes in prefrontal metabo lite concentrations and

mood in psoriasis

Percentage changes in the concentrations of NAA (r = -0.538, p = 0.088) and Cr
(r = -0.436, p = 0.156) were inversely correlated with percentage changes in

BDI scores. The percentage changes in the concentrations of Cho (r = 0.381, p =
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0.222), Glu (r = 0.203, p = 0.601) and ml (r = 0.516, p = 0.155) were positively

correlated with percentage changes in patient BDI scores.

Even though none of the associations appeared significant, the association with
change in NAA concentration was rather strong and almost reached statistical
significance. NAA is a neuronal marker and the percentage change observed in
this study might not necessarily mean neuronal death but rather neuronal
dysfunction. Thus, the correlation analysis may be suggesting that a substantial
change in the way neurones function (manifested in %A NAA) due to PsA could
be linked to very small changes in mood following anti-inflammatory
medication. However, further studies on a larger sample size of PsA patients

may be required to ascertain this observation.

7.3.3 MRS of the Hippocampus

7.3.3.1 Assessment of the left and right hippocampa |

voxel tissue contents

For the left hippocampus, the mean voxel tissue fractions (SE) were not
significantly different in the following comparisons: patients at pre-
medication/post-medication (0.71  (0.01)/0.72 (0.02); p = 0.765),
controls/patients at baseline (0.74 (0.02)/0.71 (0.01); p = 0.250), and
controls/patients post-medication (0.74 (0.02)/0.72 (0.02); p = 0.497). Left
hippocampal voxel tissue fractions (SE) did not also vary significantly between
males/females in the pre-medicated (0.71 (0.02)/0.75 (0.02); p = 0.205), post-
medicated (0.72 (0.03)/0.73 (0.03); p = 0.869), and control (0.72 (0.02)/0.75
(0.02); p = 0.326) groups. Comparison of the males in the control vs. patient
groups at baseline and follow up did not also show significant differences (p >
0.05 in each case) in the left hippocampal voxel tissue fractions; the same was

also true among females.
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For the right hippocampus, the mean voxel tissue fractions (SE) were not
significantly different in the following comparisons: patients at pre-
medication/post-medication (0.71  (0.01)/0.73 (0.02); p = 0.515),
controls/patients at baseline (0.74 (0.02)/0.71 (0.01); p 0.264), and
controls/patients post-medication (0.74 (0.02)/0.73 (0.02); p = 0.675). Right
hippocampal voxel tissue fractions (SE) did not also vary significantly between
males/females in the pre-medicated (0.71 (0.02)/0.75 (0.02); p = 0.252), post-
medicated (0.72 (0.02)/0.74 (0.02); p = 0.591), and control (0.72 (0.02)/0.75

(0.02); p = 0.409) groups. Comparison of the males in the control vs. patient

groups at baseline and follow up did not also show significant differences (p >
0.05 in each case) in the right hippocampal voxel tissue fractions; the same

was also true among females.

There was no voxel tissue difference between the left and right hippocampi in
both groups, and among males and females, separately, in both groups. Thus,
there was no possibility of significant contributions to any concentration
differences between groups that could arise from differences in hippocampal

voxel tissue fractions.

7.3.3.2 Hippocampal Water Content in Psoriatic vers us

Healthy Subjects

For a sample size of 13 subjects in each group (7M/6F), left and right
hippocampal water contents (Figure 7.6) were not significantly different in the
control (p = 0.572) and patient groups at baseline (p = 0.102) and post-
medication (p = 0.884).
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Figure 7.6: Comparison of the mean left and right hippocampal water contents in controls
and patients at baseline and follow up.
The error bars represent tstandard deviations of the mean values

For the left hippocampus, mean (SE) water contents in mol/kg wet weight did
not vary significantly between: controls/patients at baseline (35.45
(1.80)/36.14 (1.60); p = 0.777), controls/patients post-medication (35.45
(1.80)/37.03 (1.70); p = 0.526), and baseline/post-medication (36.14
(1.63)/37.03 (1.70); p = 0.747). There were also no significant gender
differences in left hippocampal water contents in both groups. Water content
in males was not significantly different between the two groups; this was true

for females too (p > 0.05).

For the right hippocampus, mean (SE) water contents in mol/kg wet weight
were not significantly different between: controls/patients at baseline (34.31
(2.20)/34.06 (1.20); p = 0.921), controls/patients post-medication (34.31
(2.20)/35.41 (1.60); p = 0.693), and baseline/post-medication (34.06
(1.21)/35.41 (1.60); p = 0.590). There were no significant variation in right
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hippocampal water contents between males and females in either group, and

among males (and females too) compared between the two groups (p > 0.05).

7.3.3.2.1 Association between age and hippocampal w ater content in
controls and patients

Hippocampal water content did not vary with age in either group, and among
males or females in each group. Changes in both left (r = 0.159, p = 0.621) and
right (r = 0.188, p = 0.580) hippocampal water contents were not associated
with age in the patient group. Controls did not also show an association
between age and hippocampal water contents in both left (r = 0.131, p =
0.654) and right (r = 0.169, p = 0.547) hippocampi. The correlation analyses
however indicated a tendency of small increments and more changes in
hippocampal tissue water content with age in both groups and with

medication, respectively.

7.3.3.2.2 Link between changes in hippocampal water  content and mood in

psoriasis

Percentage changes in the left (r = 0.370, p = 0.193) and right (r = 0.508, p =
0.134) hippocampal water contents were positively but not significantly
correlated with percentage changes in BDI scores. These correlations were not
different between males and females. The correlation for the right
hippocampus was rather stronger even with the fewer data points of n = 13
(which could have possibly contributed to the non-significance of the
correlation analysis). The results thus suggest that compared to the left,
changes in the right hippocampal water content might be more associated with

mood changes.
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7.3.3.3 Hippocampal Metabolite Concentrations in

Psoriatic versus Healthy Subjects

At the echo time (TE) of the MRS acquisition in the hippocampi, only three
metabolites (NAA, Cr and Cho) were reliably detected and quantified. This
section thus compares the concentrations of these metabolites in the left
(Tables 7.5 and 7.6) and right (Tables 7.7 and 7.8) hippocampi between
patients and controls, and between baseline and post-medication in the patient
group.

Mean concentration (SE) in mM/kg P-values for group comparisons
Controls Pre- Post- Cvs.Pr | Cvs. Po |[Prvs. Po
©) medication | medication

Metabolite (Pr) (Po)

NAA 7.61 (0.45) | 7.98 (0.47) | 8.01 (0.56) | 0.578 0.588 0.631

Cr 6.54 (0.42) | 6.24 (0.43) | 6.32 (0.43) | 0.622 0.724 0.826

Cho 1.71 (0.10) | 1.71 (0.14) | 1.41 (0.13) | 0.993 0.099 0.086

Table 7.5: Comparison of the left hippocampal metabolite concentrations between controls

and patients at baseline and post-medication

Metabolite

Mean Concentration (SE)/mMkg™" in Males/Females; p-value

Controls

Pre-medication

Post-medication

NAA

7.72 (0.57)/7.46 (0.78)
p = 0.798

7.84 (0.52)/8.07 (0.74]
p = 0.807

8.22 (0.97)/7.74 (0.51
p =0.675

p = 0.499

p = 0.754

Cr 6.65 (0.52)/6.37 (0.77) | 6.09 (0.54)/6.44 (0.76] 6.27 (0.58)/6.41 (0.78
p =0.770 p=0.722 p = 0.893
Cho 1.77 (0.12)71.62 (0.19) | 1.75 (0.23)/1.66 (0.18] 1.45 (0.10)/1.74 (0.16

p = 0.065

Table 7.6: Comparison of the left hippocampal metabolite concentrations between males
and females in the control and patient groups at baseline and post-medication

Concentrations of all the three metabolites in the left hippocampus did not
vary significantly between patients at baseline and controls, and between post-
medication and controls (Table 7.5). Whereas both NAA and Cho were slightly
higher, Cr was slightly lower in patients at baseline. At post-medication, while
Cr and Cho were slightly lower, NAA was slightly higher in patients. Only Cho

reduced considerably with medication but this change did not reach statistical



239

significance (p = 0.086). Gender-specific analyses (Table 7.6) showed that this
considerable reduction in Cho concentration post-medication occurred in males
(from 1.75 to 1.45 mM/kg); females on the other hand showed slight increase
in Cho (from 1.66 to 1.74 mM/kg) with medication. This might therefore
explain the almost significant difference (p = 0.065) in Cho concentration

between males and females post-medication (Table 7.6).

However, none of the three metabolite concentrations varied significantly
between controls and patients, both at baseline and post-medication in the
right hippocampus (Table 7.7). Pre- and post-medication concentrations were
not also significantly different for any metabolite. Gender-specific analyses did
not also show significant difference in any metabolite concentration between

males and females in either group (Table 7.8).

Mean concentration (SE) in mM/kg P-values for group comparisons
Controls Pre- Post- Cvs.Pr | Cvs.Po |Prvs. Po
(©) medication | medication

Metabolite (Pr) (Po)

NAA 8.08 (0.64) | 8.23 (0.25) | 8.45 (0.45) | 0.833 0.640 0.547

Cr 6.59 (0.25) | 6.81 (0.19) | 6.18 (0.35) | 0.502 0.366 0.421

Cho 1.55 (0.13) | 1.58 (0.24) | 1.48 (0.13) | 0.922 0.674 0.610

Table 7.7: Comparison of the right hippocampal metabolite concentrations between controls
and patients at baseline and post-medication

Metabolite

Mean Concentration (SE)/mMkg™" in Males/Females; p-value

Controls

Pre-medication

Post-medication

NAA

8.06 (0.82)/8.10 (1.20)
p = 0.981

8.65 (0.88)/8.09 (0.23
p = 0.649

9.09 (1.20)/8.07 (0.17
p = 0.488

Cr 6.89 (0.33)/6.10 (0.29) | 6.60 (0.19)/6.91 (0.28] 5.78 (0.39)/6.43 (0.51
p =0.103 p = 0.431 p = 0.356
Cho 1.53 (0.19)/1.59 (0.20) | 1.73 (0.49)/1.52 (0.30] 1.53 (0.20)/1.44 (0.18

p = 0.854

p=0.781

p = 0.750

Table 7.8: Comparison of the right hippocampal metabolite concentrations between males
and females in the control and patient groups at baseline and post-medication

In controls, NAA (p = 0.875), Cr (p = 0.966) and Cho (p = 0.255) concentrations
in the left and right hippocampi were not significantly different. At baseline,

patients did not also show significant differences in NAA (p = 0.167), Cr (p =
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0.298) and Cho (p = 0.466) concentrations in the two hippocampi. Post-
medication concentrations of NAA (0.731), Cr (0.714) and Cho (0.642) did not
also differ between the two hippocampi. Percentage changes in NAA (p =
0.923), Cr (p = 0.625) and Cho (p = 0.777) concentrations were also not
different between the left and right hippocampi. The bilaterality of the
concentrations of the metabolites (and their percentage changes) in the two
hippocampi was the same in males and females, considered separately, in each

group.

7.3.3.3.1 Association between age and hippocampal m etabolite

concentrations in controls and patients

In the controls, age was positively correlated with the concentrations of NAA (r
= 0.326, p = 0.236), Cr (r = 0.629, p = 0.028) and Cho (r = 0.401, p = 0.155) in
the left hippocampus; but was inversely correlated with NAA (r = -0.202, p =
0.576) and Cr (r = -0.112, p = 0.717) concentrations in the right hippocampus;
only Cho was positively correlated with age (r = 0.011, p = 0.969) in the right
hippocampus. However, only the age-Cr concentration direct relationship in
the left hippocampus was both strong (r = 0.629) and significant (p = 0.028).
This suggests that the concentration of Cr increases gradually with normal
ageing, in some brain regions (the left hippocampus in this case). In fact, this

finding agrees with previous reports that cerebral Cr increases with age [1, 65].

In the PsA patients, age was found to be inversely related to percentage
changes in NAA (left: r = -0.444, p = 0.318; right: r = -0.250, p = 0.633), Cr
(left: r = -0.010, p = 0.981; right: r = -0.214, p = 0.729) and Cho (left: r =
-0.005, p = 0.993; right: r = -0.021, p = 0.973) concentrations in both left and
right hippocampi.

7.3.3.3.2 Link between changes in hippocampal metab  olite concentrations

and mood in psoriasis

Percentage change in BDI scores was positively correlated with percentage
changes in the concentrations of Cr (r = 0.219, p = 0.603) and Cho (r = 0.256, p



241

= 0.624) in the left (only %A NAA concentration was inversely correlated with
%A BDI (r = -0.812, p = 0.027) in the left hippocampus); but was inversely
correlated with percentage changes in the concentrations of NAA (r = -0.115, p
= 0.828) and Cr (r = -0.062, p = 0.921) in the right hippocampus (only %A Cho
was positively correlated with %A BDI (r = 0.331, p = 0.586) in the right
hippocampus). However, only the %A BDI-%A NAA concentration inverse

association in the left hippocampus was both strong (r = -0.812) and significant
(p = 0.027).

7.3.4 Variation in Cerebral Water and Metabolite

Concentrations

Four spectra were quantifiable in the ACC and hippocampal voxel positions, at
the same time; these were the water, NAA, Cr and Cho spectra. To assess their
variation across the three voxel positions, one-way ANOVA tests were
performed for each one of the water and metabolite concentrations (in the
ACC, left and right hippocampi) in the controls and patients (both at baseline
and post-medication). Particularly for the tissue water content in the control
group, the results will show whether or not prefrontal and hippocampal water
contents vary significantly; thus corroborating or otherwise the accuracy of the
deductions made in chapter 6 when the hippocampal and hemispheric water
contents were combined in a similar ANOVA test. Data for an equal number of
males and females totalling a sample size of 12 (6M/6F) was used in the ANOVA

tests in the following subsections.

7.3.4.1 Regional variation in cerebral water conten ts in

controls and patients

Table 7.9 shows the variation of water content among the three regions (i.e.
prefrontal GM, left and right hippocampi). The comparisons are done for the

control and patient groups using the one-way ANOVA test.
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Mean water content + SD (mol/kg wet weight)
Subjects | Prefrontal GM | Left hippocampus | Right hippocampus | p-value
Controls | 35.87 +9.65 35.90 + 4.90 34.31 + 6.99 0.863
PsA-1 36.64 + 11.07 | 37.20 + 6.52 34.06 + 3.84 0.631
PsA-2 41.92 + 10.10 | 35.83+6.08 35.41 £+ 5.05 0.107

Table 7.9: Regional water contents in the three voxel positions compared in controls and
patients.

PsA-1 and PsA-2 represent the psoriatic arthritis patients at baseline and post-medication,
respectively; SD is the standard deviation of the mean. Note that these abbreviations have also
been used Tables 7.10-12

The p-values shown in Table 7.9 indicated that water content did not vary
significantly among the three brain regions in both controls and patients (at

baseline and post-medication).

7.3.4.2 variation N cerebral NAA

concentrations in controls and patients

Regional

The assessment of regional NAA concentrations (Table 7.10) showed that
regional concentration of NAA varied significantly in the patients at baseline (p
= 0.012); post-medication concentrations however did not vary significantly in
the three regions (p = 0.164). Controls did not show significant variation in the
three regions (p = 0.089). Prefrontal GM NAA concentration however was
consistently higher in both groups, and almost reached statistical significance

in the controls while being significantly higher in the patients at baseline.

Mean NAA concentration + SD (mM/kg wet weight)
Subjects | Prefrontal GM | Left hippocampus | Right hippocampus | p-value
Controls |9.75+1.76 7.93 £2.08 8.08 +2.04 0.089
PsA-1 10.10 + 1.49 8.29 +1.48 8.23 £ 0.71 0.012
PsA-2 9.58 + 1.54 8.14 +£1.74 8.45 +1.27 0.164

Table 7.10: Regional NAA concentrations in the three voxel positions compared in controls

and patients
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7.3.4.3 Regional variation in cerebral Cr concentra tions

in controls and patients

Regional Cr concentration was not found to vary significantly in both controls

and patients (at baseline and post-medication), as shown in Table 7.11.

Mean Cr concentration + SD (mM/kg wet weight)
Subjects | Prefrontal GM | Left hippocampus | Right hippocampus | p-value
Controls |7.38 +1.25 6.65 + 1.58 6.62 + 0.90 0.337
PsA-1 6.06 +1.09 6.57 £+ 1.63 6.81 £ 0.48 0.538
PsA-2 6.71 £ 0.82 6.10 £ 1.14 6.35 + 0.95 0.520

Table 7.11: Regional Cr concentrations in the three voxel positions compared in controls
and patients

7.3.4.4 variation in cerebral Cho

concentrations in controls and patients

Regional

The results in Table 7.12 show that regional Cho concentration did not vary
significantly in controls (p = 0.315) and patients at baseline (p = 0.218); post-
medication Cho concentrations however were found to vary significantly (p =

0.009). Prefrontal Cho concentration was consistently higher in all cases.

Mean Cho concentration + SD (mM/kg wet weight)
Subjects | Prefrontal GM | Left hippocampus | Right hippocampus | p-value
Controls | 1.87 +0.29 1.67 £ 0.42 1.59 + 0.51 0.315
PsA-1 2.00 + 0.22 1.54 + 0.43 1.71 £ 0.58 0.218
PsA-2 2.02 +0.20 1.55 + 0.43 1.47 £ 0.36 0.009

Table 7.12: Regional Cho concentrations in the three voxel positions compared in controls

and patients
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7.4 Comparison with the existing peer reviewed

literature

This section discusses the key findings presented in section 7.3 in relation to
published results. Three main themes are discussed: results for cerebral water
(section 7.4.1) and metabolites (7.4.2), and the assessment of their
distributions (section 7.4.3) in the three voxel positions in this chapter.
Discussion of the mood assessment outcomes in the patient group in relation to

the literature was dealt with in section 7.3.1.

7.4.1 Cerebral Water Content

The tissue water quantification technique developed in this thesis references
the unsuppressed-water signal to an estimated in vitro signal obtained from
the same voxel position (details in chapter 6). The technique offers a unique
opportunity of obtaining both the unsuppressed-water and metabolite spectra,
simultaneously, within clinical scan times compared to a previous technique
[222]. In their method, Dreher and Leibfritz [222] implemented a two-scan
method without water suppression involving a short echo time (TE = 18 ms)
PRESS localisation sequence. Prior to the standard single-voxel PRESS
localisation sequence, two scans are implanted: the first is a chemical shift
inversion pulse being turned off, and the next is another inversion pulse being
turned on, both yielding the time domain (TD) datasets S, and Sg, respectively.
The 180° inversion pulses, followed by spoiler gradient pulses, invert
magnetisation within the spectral range where metabolite signals are expected
either upfield or downfield relative to water. The water signal remains
unaffected by both inversion pulses and so, together with its associated
gradient-induced sidebands, it appears in the same way in both TD signals and
the corresponding frequency domain spectra. Thus, the signal difference Sx-Sg
yields the metabolite signals (while the water signal and the gradient-induced
artifact signals are significantly reduced); and the signal sum S;+Sg yields the
water signal, which may be used for referencing in absolute metabolite

quantification.
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The method by Dreher and Leibfritz [222] and that in this thesis both do not
require extra adjustments in spectral acquisition or sophisticated data post-
processing, and scale favourably with increasing By field. However, compared
to the method in this thesis, the disadvantage of the two-step method
implemented by Dreher and Leibfritz [222] is that it doubles the minimum total
measurement time. The study by Dreher and Leibfritz [222] however did not

quantify cerebral water content.

Christiansen et al [61] quantified brain tissue water content by acquiring the
unsuppressed-water signal and referencing it to a signal acquired from an
external water bag. In a group of healthy subjects aged 10-70 years, they
estimated cerebral water content in the range of 35.8-39.6 (mean 36.9) mol/kg
wet weight for four brain regions: frontal, temporal, occipital and basal
ganglia, selecting predominantly GM and WM tissues in separate cases. They
did not find significant variation in water content among the four regions,
tissue types or with age, similar to the findings in this thesis (the same
observation was true even in the psoriasis group, and when compared to
controls). By relating signal intensities from selected ROIs in MR images and
relating them to fractional brain water content (Bmr), Brooks et al [177] did not
also find a significant association between age and By in the frontal brain. No

other study reported gender differences in brain tissue water content.

Compared to controls, cerebral water content in the psoriasis patients was
higher in the prefrontal (by 5.41 + 0.71 %) and left hippocampal (by 1.95 + 0.11
%) regions, but lower in the right hippocampal (by 0.73 + 0.45 %) region. After
receiving the Etanercept medication, the psoriasis patients showed percentage
increases in cerebral water contents by 7.54 + 2.16 % (males: 4.55 = 1.30 %;
females: 8.67 = 3.43 %) in the prefrontal, 2.46 + 0.63 % (males: 1.83 + 0.17 %;
females: 1.97 + 0.18 %) in the left, and 3.96 + 0.52 % (males: 1.89 + 0.22 %;
females: 2.04 + 0.21 %) in the right hippocampal regions. After medication,
water content increased more in females than in males for all regions. These

increases were observed to be associated (but not significantly) with small
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improvement in mood for all three regions but the association in the right

hippocampus was the strongest (r = 0.508, p = 0.134).

The increase in cerebral water content post-medication could imply that
psoriasis, even though being peripheral, may be associated with dehydration of
brain tissue. Chronic dehydration even as little as 2.2-3.0 % of body mass, as a
consequence of psoriasis, could affect brain structure on a macroscopic level
(e.g. expansion of the ventricular system [37, 223]). This study however did not
incorporate measurement of intracranial volumes with the MRS measurements
as has been done by Wilkinson et al [197] or the volumes of the regions
studied. Structural brain changes due to dehydration may have various
implications depending on the degree of water deficit [224]. However, notable
consequences are that water loss slows down visual-motor tracking,
psychomotor processing speed and reduces attention/memory performance
[34, 37]; and dehydration of up to 10 % could be life threatening [225].
However, not all studies (including this thesis) have found behavioural/mood
effects in the reported range of 2-3 % dehydration [37]. On average, the
psoriasis patients in this thesis had cerebral water contents well within the
normal range. This might explain why most of them did not have low mood

according to their BDI scores.

7.4.2 Cerebral Metabolite Concentrations

Metabolite concentrations in this thesis were calculated by referencing their
signals to the in vivo unsuppressed-water signal obtained within the same
acquisition and voxel position. The estimated absolute concentrations for the
healthy controls were comparable with those (matched for age) in the
literature for the prefrontal [62, 210, 226, 227] and hippocampal [175, 226,
227] regions. All the metabolite concentrations in the investigated voxel
regions for both patients and controls were also within the published normal
ranges [65]. In the prefrontal region, healthy females were found to have
higher concentrations of all the quantified metabolites (NAA: 15.95 %, Cr: 3.40
%, Cho: 13.29 %, Glu: 10.79 %, and ml: 6.43 %) than their male counterparts. In
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the left hippocampus, female controls had lower NAA (by 3.38 %), Cr (by 4.21
%) and Cho (by 8.47 %). In the right hippocampus, female controls had higher
NAA (by 0.50 %) and Cho (by 2.56 %) but lower Cr (by 11.47 %). None of these
metabolite concentration differences was found to be statistically significant
between the two sexes. The pattern of gender differences on the other hand
was not consistent among patients pre- and post-medication, probably due to

the presence of psoriasis.

Sex-dependent cerebral metabolite concentrations however appears to be
contradictory. While Wilkinson et al [197] observed significantly higher and
lower NAA/Cho and Cho/Cr ratios respectively in females than in males in the
parieto-occipital WM, Komoroski et al [228] did not find significant difference
in Cho/Cr and ml/Cr ratios in any one of the basal ganglia, frontal, temporal,
thalamus and hippocampus. However both studies did not find significant
difference between both sexes in NAA/Cr ratio whereas this thesis did not find

significant difference in the absolute concentrations of all the metabolites.

In the control group, none of the metabolites was found to vary significantly
with age in the prefrontal region. These weak associations however showed
tendencies towards increase in only Cho but decrease in all other metabolites;
in particular, age-dependent decrease in frontal lobe NAA is reported
elsewhere [177]. However, in the left hippocampus, only Cr concentration was
found to increase significantly with age (r = 0.629, p = 0.028). Variations in
metabolite concentrations were not associated with age in the right
hippocampus. Apart from the significant increase in left hippocampal Cr with
age, all other age-metabolite concentration associations in this thesis were
comparable to those reported by Saunders et al [229]. There is however an

indication that these associations may vary by brain region [230].

In the PsA patients, neither age nor gender had additional effect on response
to the treatment. However, metabolite changes were inversely (but not
strongly or significantly) correlated with age in both left and right hippocampi;
associations in the prefrontal region were not consistent. Changes in NAA and

ml were strongly (but not significantly) negatively and positively, respectively,



248

associated with mood in the prefrontal region. Only change in NAA in the left
hippocampus was negatively and significantly correlated with mood (r = -0.81,
p = 0.03). There were no strong or significant associations between metabolite
and mood changes in the right hippocampus. The significant association in the
left hippocampus appears to agree with previous reports that the left
hemisphere of the brain may play a role in the pathogenesis of mood-related
conditions [209, 231].

In the prefrontal region, compared to controls, the psoriasis patients had lower
mean percentage + SE NAA (by 9.31 £ 0.29 %), Cr (by 18.51 = 1.19%), Glu (by
4.8 + 0.41 %) and ml (by 21.02 + 1.27 %); only Cho was higher (10.93 + 1.50 %).
Following the anti-inflammatory medication, NAA, Cr and Glu were increased
by 0.63 (0.31) %, 5.52 (0.34) % and 1.34 (0.58) %, respectively; Cho and ml
were decreased by 4.43 (0.50) % and 2.98 (0.26) %, respectively. In the left
hippocampus of the psoriasis patients, compared to controls, NAA and Cho
were higher (by 4.86 + 0.04 % and 8.19 + 0.40 %, respectively) while Cr was
lower (by 4.59 + 0.02 %). With medication, NAA and Cr levels were increased by
0.38 + 0.19 % and 1.28 + 0.10 %, while Cho was decreased by 17.54 + 0.77 %. In
the right hippocampus, patients showed a relatively higher NAA (by 1.86 + 0.61
%), Cr (by 3.34 + 0.32 %) and Cho (by 1.90 + 0.46 %) levels. Post-medication, Cr
and Cho levels were reduced (by 9.25 + 0.84 % and 6.76 + 0.46, respectively)
while NAA was increased (by 2.67 + 0.8 %). Neither the percentage differences
from normal nor changes post-medication was statistically significant in all

three regions.

The consistently lower levels of Cr and Glu in this study were directly opposite
of the three-fold increases of Cr/glycine and Glu/serine ratios in psoriatic
plaque extracts collected from the skin of PsA patients [232]. Ratios can be
difficult to interpret regarding which metabolite changed precisely,
particularly when it is unclear how a particular disease affects the individual
metabolites. In this case, putting the two results together, it appears that the

decrease in cerebral Cr and Glu are associated with the increase of the two
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metabolites in peripheral tissue, thus suggesting involvement of the brain in

peripheral inflammation such as psoriasis.

In a previous study [191] of 5 rheumatoid (RA) and 2 psoriatic (PsA) arthritis
patients on various TNF-a blocking medications including Etanercept (3
patients were on this), medication was given after the first scan and repeated
3 days later (24 hours after the time of maximal plasma concentration of
Etanercept in those patients who took it). MRI examinations focusing on the
left centrum semiovale included MT imaging, diffusion weighted imaging (DWI)
and MRS. Neuropsychological tests included global cognitive and executive
functioning, memory, and attention. The study did not find difference in the
neuropsychological assessment outcome or visual abnormalities on the MR
images before and after medication. Apparent Diffusion Coefficient for WM and
GM and metabolite ratios of NAA/Cho, NAA/Cr and Cho/Cr did not change
significantly with medication. However, significant decreases of the MTR
histogram peak heights (MTR-Pht) of WM and GM post-medication were
observed. The study thus concluded that the observed decrease of MTR-Pht
post-medication suggested loss of parenchyma integrity; nonetheless, those
changes were not attributable to inflammation or demyelination according to
the DWI and MRS results. The decrease of the MTR-Pht was not observed to

result in decreased cognitive function.

In a separate study of 35 RA patients alone also focusing on the centrum
semiovale region [190], the patients were on various medications excluding
Etanercept. The study reported significantly higher and lower Cho/Cr and
NAA/Cho ratios, respectively in active RA patients (who also had elevated
erythrocyte sedimentation rates (ESR)) compared to their counterparts who
had inactive RA and normal ESR. The NAA/Cho and Cho/Cr ratios were
significantly correlated with ESR but medication use had no additional effect

on those associations.

It thus appears that even though both RA and PsA are peripheral inflammatory

diseases, they may have different ways in which they impact neurochemistry:
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while RA seems to show significant metabolite changes [190], PsA does not
appear to show significant metabolite changes (based on the findings of this
thesis and those of Bijl et al [191]). However, unlike multiple sclerosis [233-
235], which involves demyelination of the CNS, both RA and PsA do not appear

to be associated with significant mood/neuropsychological symptoms.

However, given that only four PsA patients in this study were depressed, a
separate statistical analysis of the spectral changes for these subjects (not
shown) indicated that the spectral changes (though not significant) were
observed to be comparable with some significant findings in previous studies of
depression [209, 211, 236, 237]. Results from the remainder of the data set did
not differ significantly from those of the depressed PsA patients. Combining the
two types of PsA patients (i.e. depressed and non-depressed) still did not yield
significant results in the spectral changes, even though the average changes in
some of the metabolite concentrations were comparable with those for
depression in the literature. For instance, this thesis found elevated Cho
concentrations in all three voxel positions; significantly higher cerebral Cho
concentrations in depression have been reported elsewhere [236]. The lower
prefrontal ml and Cr concentrations found in this thesis can be compared to a
decreased ml/Cr ratio in depression reported previously [211]. Finally, the
reduced prefrontal Glu in this study compares with previously [237] observed
lower concentrations of Glx and GABA in the same brain region. It is therefore
possible that, depending on the sub-type, depressed PsA patients could show
similar neurometabolite changes (to specific sub-types of clinically depressed
patients) with associated neuropsychological/mood symptoms. The non-
depressed state in PsA, on the other hand, may be suggestive that some
patients could adapt to cope with the body image and self-esteem issues
associated with the skin disorder [238, 239]. Interestingly, this study found an
inversely significant association between change in left hippocampal NAA
concentration and mood in the PsA patients after the anti-TNF-a therapy, in
agreement with reports that the left brain hemisphere may play a role in mood
regulation [209].
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7.4.3 Regional Distribution of Cerebral water and

Metabolites

The regional assessment results (though for only three brain regions) shown in
Tables 7.9-12 suggest that water, NAA, Cr and Cho are all uniformly distributed
between the prefrontal and hippocampal brain regions (predominantly GM
regions) in healthy subjects. However, prefrontal NAA was slightly higher than
the hippocampal concentrations; there were no differences in the water and
metabolite concentrations between the two hippocampi in both groups. In the
psoriasis patients, prefrontal NAA was significantly higher before medication,
but normalised post-medication. Prefrontal (compared to hippocampal) Cho
increased significantly post-medication. Only water and Cr remained uniformly
distributed in the three voxel positions in both controls and patients at
baseline and post-medication. From these three predominantly GM regions,
cerebral water and metabolites (i.e. NAA, Cr and Cho) therefore appear to be
uniformly distributed (at least for this tissue type) as has been reported

previously [61, 229].

Water, NAA, Cr and Cho have been used widely to express metabolite ratios in
studies of several disease conditions such as brain tumors [240, 241], AIDS [29,
242] and tuberous sclerosis complex [243]. Assessment of regional variation in
these will have implications for the choice of reference standard in future
studies. It is however important to mention that the findings from this
assessment cannot be true in all disease conditions since the metabolite profile
varies widely among different diseases. At least, it will be informative in
absolute quantitative MRS studies of peripheral inflammation and similar

conditions that do not directly affect the brain.

7.5 Summary and Conclusions

The work presented in this chapter was aimed primarily at developing a novel

technique to absolutely quantify cerebral metabolites by using an optimised
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unsuppressed-water signal acquired simultaneously with the metabolite signals.
This was achieved by processing, separately, the unsuppressed-water lines
from a normal water-suppressed acquisition to yield the water and metabolite
peaks for absolute quantification involving all the necessary corrections. While
the cerebral tissue water quantification technique was developed in chapter 6,

the metabolite quantification technique was developed in this chapter.

The two techniques were then applied in the prefrontal and hippocampal brain
regions in a group of psoriatic arthritis patients and healthy controls with the
aims of: quantifying observed changes in the cerebral metabolite and water
concentrations associated with psoriasis; assessing the association between the
MRS results and mood outcomes in the psoriasis patients; and examining the
regional variations in the metabolite and water concentrations in normal brain
and in psoriasis. Thus, for the first time, absolute quantification of cerebral
water content in peripheral inflammation, assessment of cerebral water
content changes with anti-inflammatory medication, and its effect on mood

have been carried out in this thesis.

The psoriasis patients did not show significant metabolite and water
concentration differences from the healthy controls. The patients did not also
show visible abnormalities on their MR images as assessed by a consultant
neuroradiologist. Variations in all concentrations either in controls or with
medication were neither age nor gender dependent. The psoriasis-related
metabolite concentration changes were not associated with mood changes for
all brain regions studied, in agreement with previous studies. Most of the other
findings reported in this chapter were comparable with those in the literature.
However, the only significant and new findings in this chapter were the
significant association between: higher Cr levels and old age in the left
hippocampus; and lower BDI scores and higher changes in NAA levels, also in

the left hippocampus.

Despite the success in the implementation of the techniques, the work

presented in this chapter was not without some limitations.
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Glu is strongly coupled to Gln and GABA. If not well resolved, then it is possible
that any attempt to measure any of those metabolites (e.g. measurement of
prefrontal Glu in this study) will result in contributions from the other two
metabolites as well. These are best decoupled by post-processing techniques
involving spectral editing. Spectral editing was not done in this thesis but at
the TE and TR of the acquisitions, which were performed at 3 T, at least Glu
and Gln were well resolved. The contribution from GABA alone was therefore

not expected to be significant.

The normal controls were not assessed on the BDI questionnaire and so the
absence of normal mood scores did not allow for a clear distinction to be made
between the PsA patients and the controls on the mood scale. Such information
could also have been useful in identifying the threshold BDI score at which PsA
could be associated with a significant mood change. Nonetheless, since most of
the PsA patients did not experience significant mood disturbances, the
presence of their BDI scores alone was sufficient for the analysis in this
chapter. Future studies should improve on the quality of the data by including

the mood scores of controls as well.

Detailed patient clinical information was lacking; these included time since the
psoriasis symptoms appeared, severity of the condition, blood pressure/heart
rate, demographics, present medication, smoking/alcoholism frequencies (if
any), blood markers of inflammation such as erythrocyte sedimentation rate
(ESR) and/or blood cytokine levels. The presence of these clinical variables
could have improved the outcomes of the analyses such that even if the MRS
results did not significantly correlate with any one of the available data (e.g.
BDI scores, age and gender), there could have been some interesting findings
with any one of these missing variables. Moreover, any one of these missing
variables could be a possible confound in the final outcome, which should have
otherwise been corrected for in the statistical analyses. To increase the
specificity of the MRS results and make them more meaningful, future studies

should therefore include these missing variables.
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Chapter 8: Functional MRS of Brain Tissue Water

and Metabolites

8.1 Introduction and Obijectives

In section 1.3.4, the blood oxygen level dependent (BOLD) contrast mechanism
was discussed. The BOLD signal is generated when an external stimulus causes
neural activity to increase above baseline physiological state. The new
physiological state is associated with changes in cerebral blood flow, cerebral
blood volume and the cerebral metabolic rate of oxygen consumption [244].
Consequently, there is an increased flow of oxygenated blood to the region of
activity, resulting in susceptibility gradients spreading around and away from
this activation site [245]. With MRI, this susceptibility gradient, associated with
changes in T,*, can be detected in vessels (intravascular compartment) and
tissue near the vessels (extravascular compartment). In general, the
extravascular BOLD effect is desirable for mapping locations of functional
activation [246], where the effect appears as increased intensity in the pixels
that coincide with the site of the neural activity. This is known as BOLD
contrast and the technique is called functional MRI. In the same way, MRS is
also sensitive to this neural activity. Usually, the BOLD effect in MRS is
observed as increases in the spectral peak intensities (or height) accompanied
by decreases in spectral linewidth [246, 247]. This application of MRS is called
functional MRS (fMRS).

In this chapter, the BOLD effects on the water and metabolite resonances were
studied by sustained stimulation of the primary visual cortex (V1) of the normal
human brain. The primary objective was to assess the relative degrees of
change in the peak areas of water and the metabolites while they responded to
the stimulus. The water peak has been chosen as the concentration standard in
this thesis. Therefore, this assessment of relative peak area changes was aimed

to evaluate the relative consistency (i.e. not changing significantly) or
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otherwise of the water peak area during the BOLD response. Furthermore, the
study would provide an understanding of the dynamics of the MRS signal during
neuroactivation, and hence the implication of this dynamics for cerebral water

as a reference standard.

For a given duration of stimulation, the time interval between successive lines
of recorded spectra (defined by the NEX value) determines how many lines will
be averaged for that acquisition; this is known as the temporal resolution of
the data in the frequency domain. The only two NEX values available on the MR
scanner (section 8.1.2.3) were used in two separate acquisitions on three
healthy volunteers. Thus, the secondary objective of this chapter was to
compare the BOLD changes observed (in the water and metabolite resonances)
using these NEX values for any significant difference. The findings of this study
would explain whether or not NEX could be another source of discrepancy in
the results of fMRS studies.

8.1.1 The Theory of fMRS

A localised spin-echo "H MR Spectroscopy sequence can be used to detect the
BOLD effect in fMRS [248]. Compared to fMRI, the fMRS technique has a much
higher SNR because its signal is acquired from a relatively large voxel [246]. It
is therefore sensitive to subtle BOLD changes in the human brain during sensory
stimulation [248, 249]. The NMR signal sources of the gradient-echo based fMRI
and spin-echo based fMRS techniques differ remarkably. In order to make these
differences clear, it will be useful to initially, and briefly, discuss the relations
between the FID and spectrum (Fourier transform of the FID). The associations
between the spectrum parameters and the BOLD origins can then be deduced

from these FID-spectrum relations.

A spin-echo FID can be defined by three parameters [246]. The first parameter
is the FID amplitude (Arp) of the first sampling point at the centre of the echo.
Arp is mainly determined by the transverse relaxation time, T, and the initial

magnetisation, M, as follows [246]:
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Arp= Mo x exp (-TE/T>) (Eq. 8.1)
and assuming there is no contribution from spin exchange,

1/Ty=1/Tyine + 1/Top (Eq. 8.2)
where TE is the echo time, T,y is the intrinsic T,, and T, p is the component of
T, accounting for the contribution of diffusion. M, is proportional to the proton

density (p) and the NMR signal intensity.

The second parameter of the spin-echo FID is the FID decay rate (1/T,%),
defined as [246]:

1Ty =1/Ty + 1/ Tyss (Eq. 8.3)

where T,ss is the transverse relaxation time related to local static
susceptibility. However, these effects of field inhomogeneities cancel out in
the spin-echo experiment; but they occur in gradient-echo fMRI experiments.

The third parameter of the spin-echo FID is the FID integral (Ipp), which can be
determined by both Arp and T,*. In the frequency domain, lgp, Arp and T,* are
quantitatively correlated to three other NMR parameters: peak height (H),

linewidth at half peak height (Av¢/;), and spectral peak area (As). These

correlations can be deduced from the following relations [246]:

As a AFID (Eq 84)

Avq, = 1/1T* (Eq 85)

Ha lfp (Eq. 8.6)
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Thus, from a typical MR spectrum that is acquired with the spin-echo pulse
sequence, information about the following relationships can be deduced: As
correlates with changes in T, and M,, Avq,; correlates with changes in T, and
T2ss, and H correlates with all changes in T;, T,ss, and M,. With this
information, the BOLD contributions from various origins can be studied by
fMRS: neuronal activation increases oxygenated blood supply to neurones; thus,
Mo increases and manifests as increase in spectral peak height, H and area, As.

T,* also increases and causes a decrease in Avq/; [250].

The gradient-echo based fMRI technique on the other hand mainly provides
information related to the changes in T, and M,. This difference in detection
sensitivity between fMRI and fMRS mainly arises from the fact that the
susceptibility gradient caused by neural activation produces only a much
smaller linewidth change (~10 Hz) in fMRS than the frequency width of a single
pixel (about several kHz) in fMRI [246].

The contribution of T,ss to the BOLD signal detected by the gradient-echo
based fMRI technique is negligible. Thus, the main difference between the fMRI
and fMRS techniques is that the contributions of both T; and T, s to the BOLD

effect can be detected simultaneously by fMRS.

To observe the BOLD effects on the water resonance, the CHESS water
suppression module was switched OFF during the fMRS studies. The BOLD effect
on the metabolite spectra was recorded by switching ON the CHESS water-
suppression module. Cerebral water is present in the intracellular and
extracellular spaces, CSF and blood. For this reason, the BOLD effects on both
intra- and extravascular compartments will contribute to the water signal
change during the sensory stimulation. On the other hand, the BOLD effects on
the cerebral metabolites only manifest the susceptibility changes in the

extravascular tissue compartment [246].
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8.1.2 Recording the BOLD Effect in MRS

8.1.2.1 The Main Acquisition Parameters

The accuracy of the functional MRS measurements largely depends on how
successful the stimulation period is synchronised with the data acquisition time
on the MR scanner. This will then make it possible to capture the maximum
BOLD effect available in the MRS data. In order to achieve this, it is necessary
to understand the data acquisition schemes implemented on the scanner
regarding sequence timing. This section therefore discusses the acquisition
timing parameters of the spectroscopy pulse sequence implemented on the
scanner, and how this was synchronised to the stimulation period in the fMRS

experiments.

For a standard MRS acquisition on the GE MR scanner, the total spectral
acquisition time, Taq is @ function of the repetition time, TR, and number of
signal averages, NSA. However, before acquisition of the actual MRS data,
some dummy scans (Ngummy) are collected during which time the scanner starts
running but no data is stored. This allows some time for the scanner to be
tuned and the voxel to be shimmed (section 3.2.2.1) prior to data collection.
The unsuppressed, reference water lines (Nrf) and the suppressed, metabolite
data (NSA) are then collected at the TR set for the acquisition. The total MRS

acquisition time, Tacq, is thus given by:

Tacq = TR x (Ndummy + Nref + NSA) (Eq 87)

In all acquisitions on the scanner, Ngummy = 8 and Nrer = 16, SO (Naummy + Nref) =
24. All the fMRS experiments presented in this chapter were performed using
TR = 3 sec; thus, equation 8.7 can be simplified as:

Tacq= 3 X (24 + NSA) (Eq. 8.8)

In order to record the BOLD effect in the MRS data, the stimulus was applied

for only the duration within which the actual MRS data was being collected,
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which is the 3 x NSA part of equation 8.8. Therefore, the duration of visual

stimulation (Ts;) was given by:
Tsti = Tacq - 72 sec (Eq. 8.9)

Equation 8.9 indicates that visual stimulation should be commenced 72 seconds
after the MRS sequence starts running. However, with consideration for a 9 sec
deadtime (see section 8.1.2.2), stimulation rather began 63 sec from when the

MRS sequence started running.

8.1.2.2 The fMRS Paradigm and Duration of Stimulati on

In order to detect signal changes, it was necessary to perform MRS acquisitions
both with and without the visual stimulus; i.e. alternating the stimulus periods
with equal rest periods. Therefore, two paradigms were designed for the fMRS
experiments: one with a rest period followed by a stimulation period of equal
duration in separate scans; and another with interleaved three rest and three
stimulation periods of equal durations within a single scan. Throughout this
chapter, the former paradigm will be called the “Off-On” paradigm, whereas

the latter will be called the “block” paradigm.

In the “Off-On” paradigm, NSA = 64 was used, giving Tacq = 264 sec and Ty =
192 sec or 3 min, 12 sec; the rest period was also 192 sec. In the “block”
paradigm, each block had NSA = 32 (and of duration 32 x TR or 96 sec) and so
the total NSA for the six blocks was 192 (i.e. 6 x 32), giving Taq = 648 sec and
Tsi = 576 sec or 9 min, 36 sec; this included the three rest periods interleaved
with three stimulus periods. The total length of time for one rest and one
stimulus period is known as the cycle duration [251]. Thus, the cycle durations
for the “Off-On” and “block” paradigms were 384 sec and 576 sec,

respectively.

In addition to the estimated T periods, a period of 9 sec deadtime was added

between the stimulus being turned on or off and when the scanner began
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acquisition of the 3 x NSA part of equation 8.8 (i.e. the actual MRS data; see
section 8.1.2.3). The reason for the deadtime was to serve two purposes [251]:
firstly, it reduced the possibility of a movement artefact which will arise due
to the subject flinching when the lighting level changed suddenly between
stimulus and resting conditions. Secondly, within the deadtime period, the
changing blood flow stabilises as it alternates between the stimulus and rest
periods. This transient response time is about 6.5-8 sec risetime, with falltime
duration within 7-9 sec [251, 252]. With the additional 9 sec deadtime, the T
period in the “Off-On” paradigm was 201 sec and so the cycle duration was 402
sec. However, in the “block” paradigm, Ts; was the same as the cycle

duration, which was now 585 sec (when the deadtime was added).

8.1.2.3 Accessing the Recorded BOLD Effect in MRS
Data

Since the Ngummy lines are not stored in an acquisition, only the reference water
lines (Nref) and the suppressed spectral lines or actual MRS data (Ngata) are left.
The total number of spectral lines (N;) in the spectral domain is determined by
the number of phase cycles (NEX) as in equation 2.19 (section 2.3.1.3), where
16/NEX and NSA/NEX are the number of spectral lines or data frames stored in

Nrer and Ngata, respectively.

The duration of stimulation, T was set to match with the time required to
acquire Ngata (section 8.1.2.1), and so the BOLD effect was recorded in those
spectral lines. Note that stimulation had not begun during the period in which
the N lines were collected. Thus, equation 2.19 can now be written in terms

of the number of “BOLD effect spectral lines” (NgoLp) as follows:
NBOLD= NSA/NEX (Eq 810)
With NSA = 64 in the “Off-On” paradigm, Ngop will be 64/NEX; the “block”

paradigm with NSA = 192 will have an Nggip value of 192/NEX. Only two NEX

values are available on the scanner used for this project: 2 and 8. Therefore,
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setting NEX = 8 will produce 8 (Figure 8.1a) and 24 spectral lines (4 per block)
in the “Off-On” and “block” paradigms, respectively. On the other hand, if NEX
= 2, 32 (Figure 8.1b) and 96 spectral lines (16 per block) will be stored for the
“Off-On” and “block” paradigms, respectively. These stored data frames were
those ones processed to estimate the BOLD effects (see section 8.2.4.2) in the
fMRS data presented in this thesis.
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Figure 8.1: Representative data frames from a typical fMRS experiment during the rest
period in the “Off-On” (a) and “block” (b) paradigms.

The raw data had already been Fourier transformed and shows the SAGE output of the water
peak at 4.7 ppm in both examples

8.2 Methods

8.2.1 Subjects

A total of 6 healthy volunteers (2 females/4 males, aged 29-36 years, mean *
SD = 31.5 + 2.6 years) participated in all the studies reported in this chapter.
Five of these volunteers were scanned on the NEX = 2 protocol; 3 of these 5
volunteers plus one more volunteer (making a sample size of 4) were scanned
on the NEX = 8 protocol. Thus, 3 (Zmales/1 female) volunteers were scanned
on both the NEX = 2 and NEX = 8 protocols.
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8.2.2 The Visual Stimulus and its Presentation

A previous positron emission tomography (PET) study [253] has shown that a
rate of pattern presentation of about 7.8 reversals per second (or 7.8 Hz)
induces the maximum blood flow response in the visual cortex. Based on this
observation and other fMRS studies [246, 254-256], an in-house 8 Hz
black/white pattern-reversal checkerboard was designed by the author (Figure
8.2b) and used for the visual stimulation. During the rest period, a black
background was displayed (Figure 8.2a). In both displays, a small fixation cross
was centrally placed in order to keep the subject awake and attentive during
the scans. There was no background illumination within the scanner room

throughout the experiments.

(@) (b)

Figure 8.2: The black background with a white centrally placed fixation cross displayed
during the rest period (a) and the 8 Hz pattern-reversal checkerboard used for visual
stimulation (b).

The checkerboard comprised of a 12 x 10 matrix of black/white squares, each of size 50 x 10
(length x breadth) ‘Excel’ units

The rest and stimulus displays were each presented using a Windows Media
Player (Microsoft Corporation, USA, 2006) installed on a DELL laptop computer.
Each display was projected from a screen panel that has image transmission
cables passing through an observation window into the magnet room, where
the projected image is displayed on bifocal lenses. The lens ensemble (Nordic

Neurolabs, NNL; http://www.nordicneurolab.com) was attached to the head

coil and positioned vertically above, but close to, the eyes of the subject. For
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each subject, the foci of the lenses were adjusted until they could see a single

projected and sharp image through both lenses, simultaneously.

8.2.3 Functional MRI and MRS Studies

Following a structural MRI scan, an fMRI examination was performed for each
subject prior to the fMRS experiments. The purpose of this preceding fMRI scan
was to determine the location and size of the activated V1 area. Using this
information, the localised voxel for acquiring the fMRS data was prescribed
(Figures 8.3a-b).

Figure 8.3: Axial (a) and sagittal (b) views of the localised fMRS voxel within the activation
map generated in the V1 brain region during the fMRI examination.

The functional activation maps were created by thresholding: z-values ranged from 3 to 12,
with a cluster significance value, p = 0.05

Figure 8.4: Time course analysis plot for the fMRI examination shown in figures 8.3a-b.
This is the on-screen output of the analysis performed by the MR scanner software: the grey
bars indicate the stimulus periods; the white bars indicate the rest periods.
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8.2.3.1 The fMRI Protocol

Following a 3-plane localiser scan, 40 axial slices were planned parallel to both
the anterior commissure-posterior commissure (AC-PC) line and the primary
visual cortex, and covering the whole brain. MRI of the head was then acquired
using the single-shot gradient echo-planar imaging (GRE-EPI) sequence (64 x 64
image matrix size, 24 x 24 cm? FOV, 4.5 mm slice thickness, TE = 30 ms, and TR
= 3000 ms).

Three rest periods and three stimulus periods (each of duration 30 sec,
resulting in a 3-minute cycle duration) were desighed in an interleaved
manner; this paradigm was different from the fMRS block paradigm described
in section 8.1.2.2. The fMRI acquisition began with four dummy scans (see
section 8.1.2.1); then ten image volumes were acquired in each of the six

consecutive periods, resulting in a total of 60 image volumes.

For each subject, the functional activation maps were generated and overlaid
on the occipital brain region (Figures 8.3a-b) in real time by the proprietary
scanner software (Brainwave RT); the corresponding on-screen time course
analysis output (Figure 8.4) was also provided in real time. This information

then served as guide during localisation of the fMRS voxel.

8.2.3.2 The fMRS Protocol

A single-voxel (20 S/1 x 20 A/P x 30 R/L mm?) PRESS localisation sequence was
used in the fMRS experiments. Outer-volume and CHESS water suppression
techniques were incorporated in the PRESS sequence. The PRESS acquisition
parameters were: TE = 23 ms, TR = 3000 ms, spectral width = 5000 Hz; 64 and
192 scan averages (NSA) were used for the “Off-On” and “block” paradigms,
respectively; for one set of “Off-On”/”block” experiments, NEX was set to 2,
and then to 8 for another set. The “Off-On” paradigm was of the form OFF-ON,
whereas the “block” paradigm was OFF-ON-OFF-ON-OFF-ON; where OFF and ON
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mean the rest and stimulus periods, respectively. Figure 8.4 is representative

of the switching periods between ON and OFF.

The metabolite spectra were recorded first with the CHESS water suppression
module turned on. The acquisition protocol was then repeated but with CHESS
water suppression turned off to acquire the water spectra. Thus, the water and
metabolite spectra were acquired using the same spectral acquisition

parameters.

8.2.4 Data Analysis

8.2.4.1 Generation of Activation Maps for fMRI
Acquisitions

For each subject, thresholded activation mapping was carried out to visualise
the pattern of activation in the V1 brain region; the corresponding time course
plot for each experiment was also produced. A representative activation map is
shown in Figures 8.3a-b. This example image (just like all the other activation
images for each subject) was post-processed and overlaid on a high resolution
3D Ti-weighted brain scan of the same subject (acquired after the fMRI scan).
The activation images (colour maps) were generated using FEAT (FMRI Expert
Analysis Tool [257]) Version 5.98, part of FSL (FMRIB's Software Library,

www.fmrib.ox.ac.uk/fsl). The pre-statistics processing steps involved: motion

correction using MCFLIRT [258]; non-brain removal using BET [259]; spatial
smoothing using a Gaussian kernel of FWHM 5 mm; mean-based intensity
normalisation of all volumes by the same multiplicative factor; highpass
temporal filtering (Gaussian-weighted least-squares straight line fitting, with
sigma = 37.5 sec). For the post-statistical analysis, Z (Gaussianised T/F)
statistic images were thresholded using clusters determined by Z > 3.0 and a
(corrected) cluster significance threshold of P = 0.05 [260]. Co-registration of
the GRE-EPI image to the high resolution 3D MR image was carried out using
FLIRT [258, 261]. The corresponding time-series statistical analysis was carried

out using FILM (FMRIB's Improved Linear Model) with local autocorrelation
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correction [262]. The output of this analysis was similar to the time course plot
shown in Figure 8.4; an example FSL output is not therefore shown in this

thesis.

8.2.4.2 Spectral Analysis and Estimation of the BOL D
Effect

Spectra were analysed as described in sections 2.3.1.2-3. However, specific to
this chapter, spectral quantification was performed in two ways: firstly, each
line in the spectral domain (Figures 8.1a-b) was quantified by invoking a
“local” quantification algorithm that utilises the Levenberg-Marquardt method
(section 2.3.1.2). The “local” Levenberg-Marquardt method ensures that the
same processing and quantification steps are applied to each spectral line.
Secondly, all the spectral lines were averaged by invoking a “global”
Levenberg-Marquardt method. Both quantification schemes yielded the peak
height (H), linewidth at half peak height (Av¢/,;), and spectral peak area (As).
The “locally” quantified spectral parameters (i.e. H, Auq/; and As) were used to
plot the respective time courses of their changes over the cycle duration. The
“globally” quantified spectral parameters on the other hand were used to
quantify their respective BOLD effects (i.e. percentage changes in H, Av¢/; and
A;).

The BOLD effect is associated with increase in H following stimulation (Figure
8.5), with a corresponding decrease in Avq/; and increase in A (section 8.1.1).
In fMRI, the BOLD effect is associated with increase in pixel intensities. In
fMRS, the BOLD effect is most discernible on the spectral peak height (H), and
so the term “BOLD change or response” is often used to mean “change in
spectral peak height” [246, 247]. Hence, the BOLD change in the tissue water
and metabolite resonances was quantified as a percentage change in H as

follows:
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where Hstimulation and Heest are the spectral peak heights (or intensities)
associated with the stimulus and rest periods. The corresponding percentage
changes in Avuq,; and A were calculated in the same way as in equation 8.11.
However, the calculated percentage changes in the peak linewidth (% Avq/;)
were negative values but have been reported as positive values in the summary
tables (see Tables 8.1-8.6).

In this thesis, the term “BOLD effect” will refer to % AH, % Avq/; and % AAs
together, whereas the term “BOLD change” or “BOLD response” will refer to
% AH alone.
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Figure 8.5: Estimation of the BOLD effect on the water resonance peak.

The intensity increase is associated with decrease in linewidth and increase in the area under
the peak. The small difference is expressed as a percentage of the intensity at rest. The BOLD
effects on the metabolite peaks were estimated in the same manner. This example is the fMRS
on subject Dg; see Table 8.3 for the percentage changes in the peak parameters.

Both the rest and stimulation spectral peaks of Figure 8.5 were produced by
averaging their individual spectral lines, such as the representation shown in
Figure 8.1a. Signal changes due to neuroactivation are usually small [251] and
within the noise level [255]. Therefore, spectral averaging over the

rest/stimulus cycles in this sense will allow for a clearer discrimination of the
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signal changes from background noise [251]. This means that the higher the
number of rest/stimulus cycles, the clearer the signal difference will be, since

the background noise will be averaged.

8.3 Results and Discussion

This section is divided into three main subsections: the first subsection (section
8.3.1) presents the results of the fMRS study using NEX = 2; this comprises the
BOLD effect on the tissue water (section 8.3.1.1) and metabolite (section
8.3.1.2) resonances. The second subsection (section 8.3.2) presents the results
of the fMRS study using NEX = 8; this also comprises results for tissue water
(section 8.3.2.1) and the metabolites (section 8.3.2.2). The third/last
subsection (section 8.3.3) compares the calculated BOLD changes between NEX
= 2 and NEX = 8 for three healthy volunteers scanned on both NEX values; this
comprises results for the “Off-On” (section 8.3.3.1) and “block” (section
8.3.3.2) paradigms. Sections 8.3.1 and 8.3.2 also show the results for these two

paradigms, but they are summarised in tables together.

The 6 volunteers studied in this chapter were each labelled with a unique
identifier: A, B, C, D, E and F. Subscripts ‘2’ and ‘8 were included in the
identifiers to distinguish between those scanned on the NEX = 2 and NEX = 8
protocols, respectively. Subjects C, D and E were scanned on both protocols,
and are thus identified as C;, D, and E; for NEX = 2 (Table 8.1); and Cg, Dg and
Es for NEX = 8 (Table 8.3).

8.3.1 Functional MRS Study with NEX =2

For both tissue water and the metabolite resonances, 64 spectral peaks were
quantified for the entire cycle duration (acquisition time window = 6-384 sec,
step 6 sec) in the “Off-On” paradigm. On the other hand, 96 spectral peaks (16
peaks per block) were quantified for the cycle duration of the acquisition (time
window = 6-576 sec, step 6 sec) in the “block” paradigm. The time activity

plots for water shown in Figures 8.6-811 were therefore obtained by plotting
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the values of H, vq/; and As for 64 and 96 spectral peaks versus the respective
acquisition time windows for the two paradigms. For the metabolites (section
8.3.1.2), only the time course plots for the stimulus periods in the “Off-On”
paradigm have been shown (Figures 8.12-8.14). The percentage changes in H,
V1,2 and As for water and the metabolites were then calculated from 64 and 96

averages of their respective values for the “Off-On” and “block” paradigms.

8.3.1.1 BOLD Effect on the Water Resonance when
NEX =2

Table 8.1 shows the percentage BOLD changes (AH %), and the associated
linewidth (Avq,; %) and area (AAs %) changes in water for each one of the five
volunteers; the changes are shown for the two paradigms. For both paradigms,
the average percentage change (+ standard error, SE) for the five subjects in
all three peak parameters were calculated. The significance values of the

changes are indicated by the P-value (from paired t-tests).

Subject AH (%) Av1/; (%) AAs (%)
Off-On Block Off-On Block Off-On Block
A; 5.05 0.20 4.24 0.25 1.34 0.05
B, 6.58 1.97 3.42 1.99 1.12 0.08
C, 8.31 1.58 3.50 2.72 0.96 0.12
D, 9.53 0.42 5.37 1.62 1.19 0.10
E, 2.91 0.99 6.90 1.96 1.01 0.01
Mean + 6.48 + 1.03 * 4.69 + 1.71 1.12 + 0.07 +
SE 1.17 0.34 0.65 0.41 0.07 0.02
P-value < 0.01 < 0.01 < 0.01 < 0.01 < 0.01 0.91

Table 8.1: Spectral peak height (AH), linewidth (Av4.;) and area (AAs) changes in water
during visual stimulation when NEX = 2.
Note that the percentage Au,,, values are all negative

For each subject, the percentage changes in the three quantitative parameters
of the water peak were significantly greater in the “Off-On” than in the
“block” paradigms (% AH: P = 0.01; % Avq/2: P = 0.02; % AAs: P < 0.01). The
resulting difference between the two paradigms could have been due to two

reasons: firstly, the longer stimulation period in the “block” paradigm may
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have resulted in volunteer fatigue and loss of attention [251], the effect being
a decrease in response to the stimulus after repeated presentations (this is
known as the habituation effect). Secondly, 32 (compared to 64 in the “Off-
On” paradigm) averages were collected in each one of the rest and stimulus
periods of the “block” paradigm. Theoretically, this will mean that the BOLD
change that will be recorded in each cycle period of the “block” paradigm will
be half of that which will be recorded in the “Off-On” paradigm. Consequently,
two cycle periods should have given approximately the same BOLD effect;
however, this did not happen even with three cycle periods. Higher spectral
noise amplitudes due to the fewer averages collected in each cycle period, in
addition to the habituation effect and possibly motion artefacts, could have

accounted for the lower BOLD change in the “block” paradigm.

However, the BOLD changes (AH) and their associated decrease in spectral
linewidth (Avq,2) were small but significant in both paradigms (P < 0.01). The
effect on the water peak area (AAs) was significant in the “Off-On” (P < 0.01)
but not in the “block” paradigm (P = 0.91). Generally, the changes in H and
L1/2 cause only a small change in As. Therefore, if the changes in H and vq,;
become considerably smaller with the “block” paradigm, then the change in As

will not be significant.

The inter-subject variability (in this case, the CoV) in BOLD response varied
widely among the volunteers in both paradigms, and was even poorer in the
“block” paradigm. The CoVs ([SD/mean] x 100 %) for the “Off-On” paradigm
were: AH = 40.45 %, Avy/, = 31.25 % and AAs = 13.41 %; those for the “block”
paradigm were: H = 72.65 %, Avq/; = 53.18 % and AAs = 60.06 %. The generally
significant inter-subject variability could arise from differences in vascular
architectures and cerebral blood volume changes induced by neural activity
[263, 264]. The increased variability with the “block” paradigm may be due to
the afore-mentioned factors, plus differences in the tolerance levels (motion
and habituation) of the individual subjects to the prolonged and repeated

stimulation.
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Only two studies, so far, in the literature [246, 247] have measured the BOLD
effect on the water resonance. Whereas Zhu and Chen [246] conducted their
study at 4 T and used only the “block” paradigm with an 8 Hz visual stimulus,
Shih et al [247] performed their experiments at 3 T using the two paradigms
with a 6 Hz visual stimulus. Zhu and Chen [246] collected 20 averages in each
of their five consecutive periods (designed as three OFF periods interleaved
with two ON periods), resulting in a total of 100 spectra. For six volunteers,
they reported a mean (SE) percentage BOLD change of 3.0 (0.4) % and
associated linewidth percentage decrease of 2.3 (0.3) %. No change in the
water peak area was reported. Shih et al [247] on the other hand, collected
128 averages in each of the rest and stimulus periods of their “Off-On”
paradigm; and 32 averages for each of their eight consecutive periods
(designed as four ONs and four OFFs), resulting in 256 spectra. For five
volunteers, they reported a mean (SE) percentage BOLD change of 3.0 (0.5) %
and associated linewidth decrease of 0.6 (0.1) Hz; the peak area increased by
0.8 (0.3) %. The estimated BOLD and linewidth changes were said to be the
same for both paradigms but it was not clear which paradigm gave the
reported area change, which was comparable to the estimate from the “Off-
On” paradigm of this thesis (i.e. 1.12 (0.07) %).

Compared to the above paradigm designs, the “block” paradigm presented in
this thesis consisted of 32 averages collected for each of the six consecutive
periods (three OFFs interleaved with three ONs), resulting in a total of 192
spectra. The “Off-On” paradigm consisted of 64 averages in each one of the
rest and stimulus periods. The experiments were conducted with the same TR
value and with the PRESS sequence as in the above studies (Shih et al used a
variant of PRESS that collected the water and metabolite spectra,
simultaneously). The TE value on the other hand of this thesis differed from
that of Shih et al (23 ms vs. 30 ms), but was the same as that of Zhu and Chen.
The discrepancies in some of the results reported in this thesis and those in the
literature [246, 247] cannot be explained by the differences in the TE values or
the order of the rest and stimulus periods in the paradigms [265]. There are,

however, possible contributions of field strength [246] and the inherent inter-
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subject variability observed in this thesis to the discrepancies. At a higher field
strength, the susceptibility gradient that is associated with changes in T,*
increases; and so does the BOLD effect, which varied at the field strength in

this study and those in the literature.

The higher field strength used by Zhu and Chen [246] could have accounted for
the slightly higher BOLD change they reported; their linewidth change was
however comparable to that reported in this thesis (for the block paradigm). In
particular, significant habituation effects could have also contributed to the
slightly lower BOLD responses in this thesis due to the prolonged examination
period. Compared to the study by Shih et al [247], their 6 Hz visual stimulation
could have caused a slightly lower BOLD change, even though they reported a
similar BOLD change to Zhu and Chen [246]. With only half the number of
averages used by Shih et al [247], the BOLD change observed in this thesis was
twice what they recorded with the “Off-On” paradigm; the area changes were
however comparable between the two studies. The higher BOLD change in this
thesis could be due to the stronger stimulus used. The similarity in the BOLD
changes between their (Shih et al) two paradigms was rather surprising,
particularly when their “block” paradigm was considerably longer. With only
one cycle duration difference in the “block” paradigms (same averages per
block in both studies) used in the two studies, the BOLD and area changes
reported in this thesis were significantly lower compared to those of Shih et al
[247]. The large variation in the BOLD responses even among subjects in the

“block” paradigm in this thesis could be the main source of this discrepancy.

Figures 8.6-8.8 and 8.9-8.11 show the fMRS time courses for water in the “Off-
On” and “block” paradigms, respectively. Each plotted point is the average
from five healthy volunteers, and the error bars represent standard deviations.
The coloured rectangular blocks on the time axes indicate the task period of

visual stimulation.
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Figure 8.6: Time course (“Off-On”) of the fMRS BOLD changes (AH %) in tissue water
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Figure 8.8: Time course (“Off-On”) of the fMRS peak area changes (AAs %) in tissue water
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Figure 8.10: Time course (“block”) of the fMRS linewidth changes (Av %) in tissue water.
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8.3.1.2 BOLD Effect on the Metabolite Resonances wh en
NEX =2

Table 8.2 shows the percentage BOLD changes (AH %), and the associated
linewidth (Avq,2 %) and area (As %) changes in the metabolite resonances. For
both paradigms, the average percentage changes (+ standard error, SE) are
shown. These were calculated from the five subjects in section 8.3.1.1. The
significance values of the changes are indicated by the P-value (from paired t-
tests).

Peak % AH + SE (P-value) % Avq/, + SE (P-value) % AAs + SE (P-value)

Off-On Block Off-On Block Off-On Block

NAA | 10.20+1.74 | 0.38+0.12 |6.12+1.03 |0.38+0.11 | 4.09 + 0.89 0.79 £ 0.18

(< 0.01) (0.56) (< 0.01) (0.76) (< 0.01) (0.53)

Glu |6.21+1.42 1.93+0.27 |0.98+0.10 |1.23+0.53 |9.19+1.78 1.39 £ 0.40

(< 0.01) (0.14) (0.87) (0.81) (0.11) (0.74)

Gln |5.21+2.36 |0.28+0.13 |12.12+2.34 |2.05+0.54 | 15.73 + 1.44 | 2.59 + 0.90
(< 0.01) (0.80) (0.04) (0.66) (< 0.01) (0.47)

Cr |10.27+2.46 |0.30+0.12 | 6.55+1.34 |1.10+0.35 | 3.45+0.82 | 1. 65+042
(< 0.01) (0.80) (< 0.01) (0.49) (0.03) (0.25)

Cho | 11.06+2.69 |2.31+0.82 |12.94+1.49 |1.76 +0.57 | 17.54+2.02 | 3.61 + 0.92
(< 0.01) (< 0.01) (0.01) (0.46) (< 0.01) (0.11)

ml | 520+1.16 |0.11+0.04 |0.88+0.17 |2.05+0.86 |3.63+1.52 | 1.64+
(< 0.01) (0.92) (0.84) (0.49) (0.38) (0.52)

Table 8.2: Average spectral peak height (AH), linewidth (Av,,;) and area (AAs) changes in the
metabolites during visual stimulation when NEX = 2

The BOLD effect alters the T,* of both water and metabolite signals [246]. This
phenomenon causes a small narrowing (0.2-0.3 Hz) of the spectral linewidth at
4 T of all signals in the spectrum during neural stimulation, which is mostly
discernible on the strongest singlets of the methyl group of NAA and total Cr
[256] particularly with the single (“Off-On”) activation paradigm (see Table
8.2). In fact, all the metabolite peaks in Table 8.2 showed significant BOLD
changes (AH %) with the “Off-On” paradigm (P < 0.01), which were each also
significantly greater than their corresponding changes with the “block”
paradigm. Only Cho showed a significant AH % with the “block” paradigm but

this was lower than its corresponding change with the “Off-On” paradigm. For
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the associated AAs %, each metabolite peak changed significantly more with
the “Off-On” than with the “block” paradigm. Apart from Glu and ml, Avq/; %
in all metabolite peaks was greater with the “Off-On” than with the “block”
paradigm. For Glu and ml, the higher Av4,; % for the “block” paradigm could
have resulted from random line broadening effects during prolonged
stimulation as shown by the larger error values. Otherwise, the higher Avq/; %
in the Glu and ml peaks for the “block” compared to that for the “Off-On”
paradigm was not expected. Shih et al [247] also did not find any correlation

between ml change and stimulation.

For their “block” paradigm, Shih et al [247] reported average changes in the
concentrations of Cho, NAA and Cr (in decreasing order) from five volunteers as
6.0, 2.7 and 2.3 %. This study did not calculate the metabolite concentrations
but that should not cause any difference in the percentage BOLD changes
between the two studies [265]. The BOLD changes (% AH) in this study were
relatively lower but followed the same decreasing order of changes (Cho: 2.31
%, NAA: 0.38 %, Cr: 0.30 %). The corresponding area changes were however of
the form Cho > Cr > NAA.

To record the BOLD effects in their spectra, Zhu and Chen [246] performed the
following interleaved acquisition: rest-visual stimulation-rest; eight and sixteen
spectra were acquired in the rest and stimulation periods, respectively. They
estimated the mean (SE) % AH and % Avq,2 for NAA and Cr from six volunteers
as: % AH; NAA = 2.5 (0.6), Cr = 3.1 (0.7); and % Avq,2; NAA = 1.7 (0.5), Cr=1.8
(0.5). The estimated % AH of this study for both metabolites were

comparatively lower but % Avq,; for Cr was similar in both studies.

Mangia et al [256] reported a 3.0 (1) % increase in Glu concentration (from
twelve healthy volunteers) at 7 T during the “Off-On” paradigm. The scanner
was equipped with a quadrature transmit/receive half-volume RF coil with
increased local sensitivity in the visual cortex. Their rest and stimulus periods
lasted for 2.7 and 5.3 minutes, respectively. This study used equal rest and

stimulus periods of 3.2 minutes and recorded a BOLD change of 6.2 (1.4) % in
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Glu. In their study, Mangia et al observed that Glu exhibited a delayed
response to the stimulus and manifested a general tendency of decreasing over
time. If this is the case, then their lower percentage concentration change
(which is comparable to the BOLD change in this thesis) could have been due to
the longer activation period of their paradigm; the percentage change could
have been lower with the same activation period at 3 T. Secondly, they
minimised the effects of linewidth changes by applying line-broadening filters
to their stimulation spectra to match with their rest spectra before the
subtraction. This may proportionally decrease the area under the smaller peaks
in particular (which includes Glu). Consequently, the percentage change in
concentration will be lower since concentration is estimated from the peak
area. About 2 % to 11 % stimulation induced increases in lactate, glutathione
and Glu during the “Off-On” and “block” paradigms at 7 T have been reported
elsewhere [266]. Thus, even though there are some discrepancies in the

results, they appear to be within some general range.

In another study at 7 T by Mangia et al [255], they simulated the BOLD effect
on spectral line narrowing by applying line-broadening filters that increased
spectral linewidth to 0.3-0.4 Hz (the same order of line narrowing due to the
BOLD effect at 7 T). For most of the seventeen metabolite spectra they
quantified in vivo (in two healthy subjects), they reported that the estimated
concentrations systematically decreased by almost 1 %. Thus their simulated
BOLD changes (in those metabolites of interest in this study) were: NAA = 1.2
%, Glu=1.1%, GIn=0.1%, Cr =0.8%, Cho=1.4% and ml = 1.0 %. However,
the non-simulated, in vivo linewidth changes in this study were at least 1.2 Hz
(-~ 3 times those simulated by Mangia et al). Therefore, if the stimulated BOLD
effects by Mangia et al were adjusted by the respective multiplicative factors
(i.e. when the linewidth changes in the two studies are compared) for the
metabolites, the results may be directly comparable. It is also likely that the
relatively high change in spectral linewidth reported in this study could be due
to poor spectral resolution issues at 3 T since the actual T,* change due to the
BOLD effect is usually small as reported by Mangia et al. However, since the 8

Hz stimulation periods in both paradigms were prolonged, the BOLD effects
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became more prominent (evident in the comparisons with previous studies) and

discernible in the presence of the poor resolution.

Baslow et al [254] used an 8 Hz stimulus in a 10 minute rest-10 minute
stimulation-10 minute rest paradigm at 3 T to study six subjects (aged 31-73
years). Their main metabolite of interest was NAA, which was quantified by the
integral of its peak; the BOLD change was therefore defined as the percentage
change in peak area. They found a 13.1 % decrease in the NAA peak area during
stimulation, which increased gradually to the baseline level during the
recovery period (i.e. the last rest period). This negative BOLD effect was
attributed to increase in neuronal NAA metabolism, hydrolysis and efflux during
stimulation; while its synthesis was decreased. They therefore concluded that
NAA possibly acts as a molecular water pump during sustained neuronal
activity. However, large variations (standard deviation of up to 12.8 %, and
26.4 % decrease in NAA) in some of their trials were pointed out by Mangia and
Tkac [265] as possible factors that could have affected their overall estimates
since they (Mangia and Tkac) observed only ~2 % increase in the height of the
NAA peak at 7 T in their study [256].

However, a similar negative BOLD effect has also been observed elsewhere
[267]. In this study, migraine patients without (MwoA) and with aura (MwA)
were compared to control subjects (C) by photic stimulation at 8 Hz. Scans
were performed at 1.5 T using a paradigm of the form 3.7 minutes of rest, 25.7
minutes of stimulation and 7.4 minutes of recovery periods. They estimated
their BOLD changes in the NAA and Cr peaks as percentage change in their
areas. For the three groups (C/MwoA/MwA), the percentage mean BOLD
changes (SD) in NAA were 7.42 (1.32)/5.79 (0.25)/14.05 (2.0) and those in Cr
were 11.66 (1.87)/11.71 (3.41)/12.50 (0.31). Note that these averages are
negatives, indicating decreases in the areas of the two metabolite peaks.
Compared to the result of Baslow et al (who studied healthy subjects only), the
negative BOLD change in NAA for the controls was much lower (7.4 % vs. 13.1
%); and the positive BOLD effects on the NAA and Cr peak areas were relatively

small (if considered as decreases) in this thesis. The signals however were
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reported to gradually recover during the rest period, similar to the observation
made by Baslow et al. They conceded it was difficult to explain this reversible
decrease of the metabolite signals, particularly of NAA. This was because the
decrease and recovery did not mean neuronal loss and resynthesis of NAA,
respectively. At best, they thought the reason could be due to redistribution of
NAA from intra- to extracellular space. It is suggested that [268] this variation
in the chemical environment of NAA (and for that matter all the metabolites
and water) could result in its NMR visibility, resulting in the rapid signal

changes.

The origin of the negative BOLD effect in the visual cortex during visual
stimulation has been attributed to a reduction in neural activity, such as
attention or higher-order cognitive functions [269]. In an fMRI study at 4.7 T,
Harel et al [270] observed a prolonged negative BOLD signal change in the high-
order visual cortex region in anaesthetised cats. This region of interest they
studied was suggested to experience increased spike activities during the task
period. They attributed the negative BOLD change to a decrease in cerebral
blood flow (CBF), which they thought was likely induced by a reallocation of
blood flow from the less demanding areas to the most CBF demanding regions.
They therefore concluded that a negative BOLD change does not necessarily
reflect a decrease in spike activity. In the case of fMRS, a reduction in the
spike [270] or neural [269] activity during visual stimulation will mean that
those lines of data collected during the reduction may have approximately the
same peak height, linewidth and area. The average of these stimulation
spectral lines may not be too different from the average of the rest spectra; a
negative difference could result from the subtraction, which does not
necessarily, in this case, represent a BOLD change. The exact origin, nature
and approximate absolute value of the negative BOLD change is unclear in fMRS
since no other study in the literature (including this thesis), apart from the two

discussed, has so far reported such findings.

Summary plots of the time courses for all the metabolites studied in this thesis

are shown below: their peak height changes are shown in Figure 8.12, linewidth
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changes in Figure 8.13, and area changes in Figure 8.14. Note that the

paradigm blocks are not shown in these figures as all the plotted points (or

time courses) are related to only the stimulation periods; points for the rest

periods are not plotted so that the activation time courses appear clearer.
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Figure 8.12: Time course of the fMRS BOLD changes (AH %) in the metabolites during the
stimulation period of the “Off-On” paradigm when NEX = 2
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Figure 8.13: Time course of the fMRS linewidth changes (Auvs,; %) in the metabolites during
the stimulation period of the “Off-On” paradigm when NEX = 2
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Figure 8.14: Time course of the fMRS area changes (AAs %) in the metabolites during the
stimulation period of the “Off-On” paradigm when NEX = 2

8.3.2 Functional MRS Study with NEX = 8

Compared to NEX = 2, when NEX = 8 is used for the fMRS acquisitions, four lines
of spectra are collected and averaged to represent a single spectral line (Figure
8.1) with a temporal resolution of 24 sec. This causes the data space to be
filled with fewer spectral lines, with the advantage that motion artefacts are
reduced [31]. Since a number of lines are averaged per NSA (4 lines/24 seconds
in this case), any motion artefact will not be affecting a larger number of
individual lines but an average, which is less affected by motion-related noise.
Such averaging is usually suitable in the case of normal MRS acquisitions but
may impact on how much of the BOLD effect could be recorded in fMRS. It is
possible that during spectral averaging, some neural activity may not be
captured or that some lines within the rest and stimulus periods could be
averaged together. This could then possibly lead to significant losses in the
amount of BOLD effect recorded or that if the absolute BOLD change (AH) is
not affected, then the estimated percentage change (AH %) will be
underestimated. Thus, the results presented in this section were aimed to
investigate the impact of NEX = 8 on the amount of BOLD effect to be recorded
during fMRS.
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The same acquisition protocol as in section 8.3.1 was used except for the NEX
value being switched to 8 for the results presented in this section. The first
subsection (section 8.3.2.1) presents the BOLD effects on water and the last

subsection (section 8.3.2.2) are the results for the metabolites.

8.3.2.1 BOLD Effect on the Water Resonance when
NEX =8

Table 8.3 shows the BOLD effects on the water resonance peak amplitude (AH),
linewidth (Avq,2) and area (AAs). The percentage changes are shown for each of
three subjects in section 8.3.1, plus one more subject (Fg). The mean
percentage changes (+ standard error, SE) from all four subjects for the two

paradigms are also shown, with the P-values indicating the significance of the

change.
Subject AH (%) Av1/; (%) DAs (%)
Off-On Block Off-On Block Off-On Block
Cs 20.52 0.27 7.20 0.01 0.10 0.01
Dg 14.77 0.05 4.87 0.04 0.31 0.08
Es 9.93 0.13 1.28 0.02 0.07 0.05
Fs 28.25 0.10 0.45 0.02 0.89 0.31
Mean * 18.37 + 0.14 + 3.45 + 0.02 + 0.34 0.11 =
SE 3.94 0.05 1.58 0.01 0.19 0.07
p-value < 0.01 0.82 < 0.01 1.00 0.24 0.49

Table 8.3: Spectral peak height (AH), linewidth (Avs;) and area (AAs) changes in water
during visual stimulation when NEX = 8

In a similar pattern to that observed in section 8.3.1.1, the BOLD changes, AH
with the “Off-On” were significantly greater than those with the “block”
paradigm (P = 0.02). However, the corresponding changes in linewidth, Avq,; (P
= 0.12) and peak area, AAs (P = 0.16) were not significantly different between
the two paradigms, even though the changes were greater in the “Off-On”
paradigm. There was also a significant variability in the BOLD responses among
the subjects, indicated by the CoVs for both paradigms (“Off-On”: AH = 42.92
%, AU12=91.34 %, AAs = 111.04 %; “block”: AH = 68.58 %, Avy,, = 55.92 %, AAs =
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119.78 %). Unlike the case for NEX = 2, the CoV of the linewidth changes was
better in the “block” than in the “Off-On” paradigm. This is because NEX = 8,
with more signal averages as in the “block” paradigm, helps to reduce spectral
linewidth broadening due to motion artefacts [31]. Therefore, the reduced
contribution of motion to the linewidth changes could have left changes mainly
due to stimulation, resulting in a better variability which is then due to the

factors mentioned in section 8.3.1.1.

As was expected, the BOLD effects on the three peak parameters were
generally lower compared to the BOLD effects with NEX = 2. Incidentally, the
mean BOLD change (AH) in the “Off-On” paradigm was significantly higher.
Even though this appears to be the observed trend between the two NEX
values, it is best to make these comparisons for the same subjects scanned
with the two NEX values (this was done in section 8.3.3) due to the inherent

variability factor introduced into these estimated mean changes by subject Fs.

Indeed, compared to the results of Shih et al [247] and Zhu and Chen [246], the
BOLD changes recorded with NEX = 8 were all significantly lower. Only AH % for
the “Off-On” paradigm with NEX = 8 in this thesis was significantly higher than
those of the above studies. The NEX value does not particularly affect the
amount of neural activity; it only affects the way (and how much of) the
resulting BOLD effect is recorded by the scanner. Therefore, this exceptionally
high BOLD change was unexpected; and so it was unclear what might have
caused such a change. Acquisitions in the rest and stimulus periods of the “Off-
On” paradigm were performed separately and not in a continuous way (as in
the case of the six consecutive acquisitions of the “block” paradigm). After the
rest scan, the scanner was re-shimmed and the stimulus period acquisition was
done. This could have offered two advantages: firstly, the subject had some
rest between the “Off” and “On” acquisitions, and so could tolerate the next
acquisition with less movement. Secondly, there is no possibility that the
scanner will average the “Off” and “On” lines together. This then gives two
spectral line sets containing the pure “Off” and “On” effects, where the

averaged spectral lines with the “On” effect have less contribution from
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motion (so peak height and linewidth changes will be mainly due to the BOLD

effect). Therefore, a higher difference in peak heights between the two data

sets could result. However, since this is the first study that has investigated

this NEX = 8 effect, future studies may be required to further investigate the

findings presented.

The time courses of the fMRS BOLD effects on the water resonance are shown
in Figure 8.15 for the “Off-On” and Figures 8.16-18 for the “block” paradigms.

The plotted points are averages from the four subjects in Table 8.3; the error

bars represent standard deviations. The coloured rectangular blocks on the

time axes indicate the task period of visual stimulation.
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Figure 8.15: Time courses of the fMRS BOLD, AH (top left), linewidth, Av,,, (top right) and
area, AAg (bottom) changes in water during the visual stimulation when NEX = 8
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Figure 8.18: Time course of the fMRS area changes (AAs %) in water during the stimulation
period when NEX = 8
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8.3.2.2 BOLD Effect on the Metabolite Resonances wh en
NEX =8

Table 8.4 summarises the mean BOLD effects on each of the cerebral
metabolite peaks from the four volunteers in Table 8.3. The significance of
each average change is denoted by a P-value in parenthesis and under the

average value.

Peak % AH + SE (P-value) % Avq,, = SE (P-value) % AAs + SE (P-value)
Off-On Block Off-On Block Off-On Block

NAA | 0.49+0.18 |1.09+0.41 [559+1.94 |1.09+0.35 |11.17+£1.94 | 0.85 +0.47
(0.72) (0.14) (0.07) (0.45) (0.01) (0.68)

Glu |0.24+0.14 |0.05+0.02 |4.52+0.78 |5.26 +1.28 |0.57+0.24 4.76 + 0.57
(0.90) (0.98) (0.69) (0.61) (0.95) (0.56)

Gln [ 1.61+0.46 |0.16+0.07 |2.06+0.79 |7.19+1.24 |14.59 +1.88 |2.42 +0.68
(0.29) (0.91) (0.72) (0.22) (0.05) (0.11)

Cr 0.78+0.24 |0.18+0.09 |0.85+0.28 |3.05+0.97 |7.35+0.94 0.86 + 0.35
(0.53) (0.90) (0.79) (0.04) (0.02) (0.71)

Cho [2.24+0.47 |1.41+0.65 |2.10+£0.95 |[2.62+0.93 |7.59+0.84 2.09 + 0.63
(0.01) (0.25) (0.73) (0.12) (0.11) (0.54)

ml 1.75+0.38 |1.23+0.46 |1.82+0.47 |1.03+0.65 |0.86+0.39 2.92 +0.74
(0.35) (0.35) (0.69) (0.74) (0.85) (0.32)

Table 8.4: Average spectral peak height (AH), linewidth (Av,;) and area (AAs) changes in
the metabolites during visual stimulation when NEX = 8

The results in Table 8.4 show that only the BOLD change in Cho during the
“Off-On” paradigm was significant (P = 0.01); all other metabolites did not
respond significantly (P > 0.05) to the BOLD effect. No metabolite showed a
significant BOLD response with the “block” paradigm. The linewidth narrowing
effect was not significant in all metabolites with the “Off-On” paradigm; and
only Cr showed significant linewidth narrowing with the “block” paradigm (P =
0.04). Change in spectral peak area was significant in only NAA (P = 0.01) and
Cr (P = 0.02) with the “Off-On” paradigm; Gln (P = 0.05) was on the minimum
P-value to showing significance in peak area change. No spectral peak area
change was significant with the “block” paradigm.
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Compared to the fMRS results with NEX = 2 in Table 8.2, % AH in all metabolites
were significantly lower with the “Off-On” paradigm; and only changes in NAA
and ml were slightly higher with the “block” paradigm. The % Avq/; in all
metabolites were lower with NEX = 8, except for Glu and ml, in the “Off-On”
paradigm. However, in the “block” paradigm, % Au4,; in all peaks were greater
with NEX = 8; except for ml. For % AAs, apart from NAA and Cr, all other
metabolites showed less changes with NEX = 8 in the “Off-On” paradigm.
Finally, only NAA, Glu and ml showed greater % AAs in the “block” paradigm
(with NEX = 8).

The NEX = 8 BOLD effects shown in Table 8.4 were found to compare
favourably with the BOLD simulation results at 7 T by Mangia et al [255]. The
percentage changes in their concentrations compared with the “Off-On” results
for Cr (0.8 % vs. 0.78 %); and with the “block” results for NAA (1.2 % vs. 1.09
%), Gln (0.1 % vs. 0.16 %), Cho (1.4 % vs. 1.41 %) and ml (1.0 % vs. 1.23 %); only
the BOLD change in Glu was found to be comparatively lower in this study (1.1
% vs. 0.24 %). However, with the “block” paradigm, its peak area change due
to the BOLD effect compared with the percentage concentration change in Glu
elsewhere, also at 7 T [256] (3.0 + 1.0 vs. 4.76 + 0.57).

Specifically for NAA, with the “block” paradigm, % AH and % Avq,; were found
to be comparable to the “block” paradigm results of Zhu and Chen at 4 T [246]:
2.5+0.6 vs. 1.09 + 0.41 for % AH, and 1.7 + 0.5 vs. 1.09 + 0.35 for % Av1s.

These findings suggest that even though NEX = 8 appears to ‘worsen’ the
temporal resolution of the data, it tends to average the spectral lines in such a
way that the estimated BOLD effects at 3 T now have less uncertainties, which
otherwise would have made % AH, % Av¢,; and % AAs considerably different
from the expected results at higher fields. These similarities of the estimated
BOLD effects when NEX = 8 (which gives a temporal resolution of 24 sec) at 3 T
with those estimated at higher fields (4 T and 7 T), where better temporal
resolutions have been used, imply that using a lower temporal resolution may

offer some benefits at lower fields when studying the BOLD effects with fMRS.
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However, such a resolution often gives fewer points to plot the time courses of
the spectra for the cycle durations. The time courses for the BOLD changes,
linewidth and peak area changes for each metabolite are shown in the
summary plots of Figures 8.19, 8.20 and 8.21, respectively. The paradigm
blocks are not shown in these figures as all the plotted points relate to only the
stimulation periods; points for the rest periods are not plotted so that the

activation pattern can be more visible in the graphs.
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Figure 8.19: Time course of the fMRS BOLD changes (AH %) in the metabolites during the
stimulation period of the “Off-On” paradigm when NEX = 8
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Figure 8.20: Time course of the fMRS linewidth changes (Aus,; %) in the metabolites during
the stimulation period of the “Off-On” paradigm when NEX = 8
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Figure 8.21: Time course of the fMRS area changes (AAs %) in the metabolites during the
stimulation period of the “Off-On” paradigm when NEX = 8

8.3.3 NEX = 2 versus NEX = 8 BOLD Effects on the

Spectra

The reproducibility of measuring the in vivo metabolite and water signals by
the MR scanner used for this project was assessed in chapter 3. It was shown
that over a course of a year, the CoVs of measuring water, NAA, and Cho were
less than 10 %; those for Glu, tCr and ml were about 26 %, 10 % and 13 %,
respectively; and Gln was not reliably detected (see Table 3.4). In this section,
results are presented for the BOLD effects on water and the metabolites
measured in three volunteers with NEX = 2, and again, over the course of about
3-4 months, with NEX = 8. From the CoVs measured previously, the difference
in the BOLD effects observed between the two NEX values should also be
interpreted in light of the contributions from the respective uncertainties in
the spectra arising from the time interval between the experiments. Even
though these uncertainties (from the reproducibility results) may appear not to
contribute significantly to the changes in the prominent spectral peaks of
water, NAA and Cho, they could contribute to significant changes in Gln, Cr and

ml.

It was not appropriate to estimate the intra-subject CoV for each peak in the
current study because the measurements were not done with the same

protocol (i.e. NEX was not the same). Hence, the reproducibility study of
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chapter 3 provided the level of uncertainty that should be considered when

interpreting the results in this section (see the paragraph above).

8.3.3.1 NEX =2 vs. NEX = 8 BOLD Effects in the “Of f-On”

Paradigm

Table 8.5 compares the effects of the two NEX values on the mean % AH, %
Avq/; and % AAs in the water and metabolite peaks from three healthy subjects
during the “Off-On” paradigm. The P-value next to each comparison is the

significance of the difference between the two percentage values.

% AH + SE %AU1/2iSE %AAsiSE
p- p- p-
Peak | NEX=2 | NEX=8 |value |NEX=2 |NEX=8 |value |NEX=2 |NEX=8 | value
HO |6.92+ |15.07+ |0.06 5.26 + 445+ [0.79 [1.05+ 0.16 + < 0.01
2.03 3.06 0.98 1.72 0.07 0.08
NAA | 7.94+ |0.46 + 0.03 5.35 + 4.34+ |0.70 4.19 + 12.63 + | 0.03
1.23 0.25 1.13 2.10 1.53 1.81
Glu 455+ |0.29 + 0.15 0.92 + 429+ | 0.11 10.60 + | 0.70 + 0.02
1.78 0.18 0.16 1.06 1.58 0.28
Gln 3.05+ |1.26 + 0.24 1013+ [1.75+ | 0.06 1414+ |12.85+ |0.30
1.22 0.41 3.05 1.02 1.92 0.98
Cr 8.99+ [0.73 ¢ 0.09 6.45 + 0.85+ | 0.04 2.93 + 7.75 0.20
2.41 0.33 1.33 0.39 1.38 1.20
Cho |9.32+ |2.14+ 0.17 11.74+ |2.55+ |0.02 14.82 + |7.50 + 0.06
2.99 0.65 1.67 1.19 1.04 1.18
mi 4,62+ | 1.41+ 0.18 0.84 + 1.97+ |0.30 4.09 + 1.08 ¢ 0.26
1.39 0.26 0.30 0.62 2.34 0.45

Table 8.5: Average spectral peak height (AH), linewidth (Av4;) and area (AAs) changes in
water and the metabolites during visual stimulation: comparison between NEX = 2 and NEX
= 8 estimated changes in the “Off-On” paradigm

The results indicate that with this paradigm, NEX = 8 reduced the BOLD signal
(% AH) recorded from all the metabolites except that from water. The BOLD
effects on linewidth were also decreased in all resonances except those on Glu
and ml. Apart from NAA and Cr, all other resonance peaks also showed lesser
changes in their peak areas when NEX = 8 compared to when NEX = 2. However,
only NAA showed a significant reduction (P = 0.03) in % AH with NEX = 8, only




291

Cr (P = 0.04) and Cho (P = 0.02) in % Av1,2, and water (P < 0.01), NAA (P = 0.03)
and Glu (P =0.02) in % AAs.

Even though the reduction in the BOLD effects with NEX = 8 appeared quite
large, the paired t-test analysis did not show a significant outcome (i.e. P <
0.05) in most cases. This could have been due to a power issue as the sample
size (n = 3) was small. A small sample size may reduce the sensitivity of the
statistical test to picking significant differences. A confidence interval (Cl) of
90 % could have been used, so that the minimum P-value for significance
becomes 0.10; hence making the statistical test more sensitive. However, this
lowers the chances of eliminating significant outcomes arising from large
random errors in the measurements. Moreover, changing the significance level
at this stage is inconsistent with the P-value of 0.05 set for all significant
results in this thesis. In a separate exploratory analysis (not shown) assuming
the data was non-parametric, even though it was shown to be parametric, and
so using the Wilcoxon (signed-rank) test, the same significance outcomes were
obtained. In any case, the limitation of the paired t-test used here is that it
assumes that the measurements were carried out at equal time intervals in all
subjects and experimental sessions [254], which is practically not the case with
the experiments discussed in this thesis.

8.3.3.2 NEX = 2 vs. NEX = 8 BOLD Effects in the “Bl ock”

Paradigm

Table 8.6 compares the effects of the two NEX values on the mean % AH, %
Avq/; and % AAs in the water and metabolite peaks from three healthy subjects
(in Table 8.5) during the “block” paradigm. The P-value next to each
comparison is the significance of the difference between the two percentage

values.
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%AH + SE %A/, + SE %AA + SE
p- p- p-

Peak | NEX=2 |NEX=8 |value |NEX=2 |NEX=8 |value |NEX-= NEX = 8 | value

H,O | 0.99 + 0.15 + 0.09 2.10 £ 0.02 + 0.03 0.08 + 0.05 + 0.55
0.34 0.06 0.33 0.01 0.03 0.02

NAA | 0.43 + 1.38 + 0.24 0.42 + 0.76 + 0.40 0.73 + 0.81 + 0.93
0.15 0.42 0.19 0.18 0.31 0.67

Glu |2.23+ 0.05 + 0.02 0.84 + 4,91 + 0.20 1.76 + 4.94 + 0.13
0.33 0.03 0.50 1.74 0.55 0.76

Gln |0.43 + 0.18 + 0.37 2.36 £ 6.60 + 0.03 3.52 + 2.30 £ 0.53
0.17 0.10 0.88 1.55 1.26 0.95

Cr 0.36 + 0.21 + 0.19 0.69 + 2.97 + 0.24 2.02 + 1.01 ¢ 0.11
0.19 0.11 0.09 1.37 0.63 0.45

Cho |3.29 + 1.36 + 0.37 1.82 + 1.77 + 0.96 3.91 + 1.66 + 0.16
1.00 0.91 0.92 0.51 1.62 0.67

mi 0.14 + 1.20 + 0.21 2.51 + 1.36 + 0.59 2.01 + 3.15 + 0.56
0.07 0.66 1.43 0.78 0.73 0.99

Table 8.6: Average spectral peak height (AH), linewidth (Av4,;) and area (AAs) changes in
water and the metabolites during visual stimulation: comparison between NEX = 2 and NEX
= 8 estimated changes in the “block” paradigm

Table 8.6 shows that with the “block” paradigm, NEX = 8 reduced the BOLD
changes (% AH) in all spectral peaks except those in NAA and ml. The BOLD
effects on linewidth were also decreased in most resonances except those on
NAA, Glu, Gln and Cr. Apart from NAA, Glu and ml, all other resonance peaks
also showed lesser changes in their peak areas when NEX = 8 compared to when
NEX = 2. However, only Glu showed a significant reduction (P = 0.02) in % AH
with NEX = 8, only water (P = 0.03) and Gln (P = 0.03) in % Avq/2, and no
spectral peak showed a significant change in % AAs. For both NEX values
however, the BOLD effects with the “On-Off” paradigm were generally greater

than those with the “block” paradigm.

NEX = 8 is the default value on most clinical MR scanners and so the user does
not have to change it before an acquisition, which is an advantage. Therefore,
if NEX = 8 appears not to significantly cause a change in the water peak area in
fMRS while providing BOLD changes comparable to literature estimates, then
two deductions could be drawn: water has proven to be consistent in its peak

area while responding significantly to the BOLD effect; and that for fMRS at 3T,
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NEX = 8 may be the suitable choice of temporal resolution as it provides better

results (compared to NEX = 2).

8.4 Summary and Conclusions

In this chapter, the BOLD effects on the spectral peaks of water and the
metabolites have been investigated with the single-voxel MRS technique called
fMRS. The BOLD effect caused increases in spectral peak height with associated
narrowing of linewidth, and small increases in peak area. The magnitude of
these changes were influenced by local susceptibility changes during elevated
neural activity, the changes arising from variations in deoxyhaemoglobin
content in blood that create a susceptibility gradient (as well as changes in
water diffusion gradient) across the intravascular and extravascular tissue
compartments. This phenomenon affects the NMR visibility of both water and

the metabolites, and so their rapid changes as observed by fMRS.

Absolute concentrations were not calculated for water and metabolites in this
chapter because reliable quantification of the concentrations during functional
experiments is demanding. Moreover, estimation of the BOLD effects in
percentage units using the peak intensity, linewidth and area do not require
any rigorous quantification, which could even introduce more errors in the

estimated percentage BOLD changes.

Two objectives were investigated in the chapter: firstly, the consistency of the
water peak area during neural stimulation and secondly, the relative effects on
the amount of BOLD effects observed in water and the metabolites when the

temporal resolution of the data is varied.

The temporal resolution of the spectral lines in fMRS is defined by the NEX
value. Only two NEX values were available on the MR scanner used for this
project: ‘2’ and ‘8’. Two fMRS experimental paradigms were designed to

investigate the above objectives: ‘single’ and ‘repeated’ activation paradigms.
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The water peak area was found to be relatively stable with both paradigms,
regardless of temporal resolution. Only the peak area change with NEX = 2 in
the single paradigm was significant. This significant change during the
sustained, single activation paradigm (which was not the case with the
metabolites) was possibly due to significant BOLD signal contribution from
water within the intra- and extravascular compartments, simultaneously when
stimulation persisted; the metabolites are mainly confined to the brain
parenchyma and so their BOLD signals are said to originate from only the
extravascular cellular compartment. Indeed, the water peak area changes
between NEX = 2 and NEX = 8 were found to be significantly different with the

single, but not the repeated, activation paradigm.

The investigation of the effect of the temporal resolution, NEX on the
quantified BOLD changes at 3 T has been done for the first time in this thesis.
For the effects of temporal resolution, the results showed that the single
activation paradigm generally gave higher BOLD effects than the repeated
activation paradigm (this possibly also contributed to the significant change in
the water peak area). For both paradigms, the BOLD effects with NEX = 2 were
generally higher than those with NEX = 8. The NEX = 8 BOLD changes however
showed better comparison with literature values than the changes with NEX =
2. The estimates of BOLD changes were in good agreement with results at
higher fields, specifically at 4 and 7 T, where detection sensitivity is even
higher. The study thus shows that temporal resolution of at least 24 seconds
(when NEX = 8) at 3 T offers benefits of reduction of motion-related artefacts
in the data, quicker signal averaging and better estimation accuracy of the
BOLD changes in cerebral water and the metabolites in fMRS experiments.
However, the sensitivity to detecting accurate BOLD changes in these

experiments can be increased by using field strengths above 3 T.
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Chapter 9: Final Conclusions

9.1 Novel Contributions and Main Findings of this

Thesis

This thesis embodies a series of studies that have been put together to form a
comprehensive and cohesive description of the NMR response of cerebral water
under different experimental conditions. The main investigations were:
relaxation properties of regional cerebral water content in a healthy brain
(chapter 5); effect of varying voxel positions on cerebral water content in a
healthy brain (chapter 6); cerebral water content in medicated and
unmedicated peripheral inflammation (chapter 7); and cerebral water BOLD
signal characteristics in a healthy brain (chapter 8). The investigations in
chapters 6 and 7 primarily involved the quantification of cerebral water
content, which would not have been possible without partial saturation, T; and
T, corrections (chapter 5), which, in turn, were aided in establishing their
reliability by the reproducibility study in chapter 3. It was suggested that the
BOLD changes of the functional MRS study in chapter 8 should also be
interpreted in relation to the reliability of the measurements, which were
established by the reproducibility study (chapter 3). Thus, cohesion was
established among all the chapters presented in this thesis. This thesis did not,
however, exclude the measurement of cerebral metabolites; chapters 3, 5, 7

and 8 included the metabolites in the respective investigations as well.

In the process of quantifying cerebral water content and investigating its NMR
response characteristics, new techniques were developed and novel results

were discovered.

Sensitivity maps of the eight-channel RF coil for all possible voxel positions in
vivo have been established for the first time in this thesis. The maps were

obtained by plotting the unsuppressed-water signal areas against their
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respective voxel positions in phantom experiments. Polynomial fits to these
plots in 3-dimensional space yielded standard polynomial equations. To
quantify in vivo cerebral water content, the Sl-coordinate value of the
respective in vivo voxel position was used to choose the appropriate polynomial
function from the fits. Substitution of the AP and LR coordinates of that voxel
position into this polynomial function yielded a signal area that was from the
same voxel position as the in vivo water signal. The in vivo measured water
signal was then referenced to the deduced (same-voxel-position) signal using a
standard mathematical model that accounted for all necessary corrections; the
result was an absolute measure of cerebral water content. This one-time-only
external reference calibration method has been developed and applied for the
first time in this thesis. This new technique for quantifying tissue water
content does not require extra or prolonged signal acquisitions for purposes of
referencing; the quantification procedure does not also require correction for
spatial variation in coil sensitivity since both the in vivo water and deduced
reference signals are measured from the same voxel position. In addition to
these, the unsuppressed-water signal can be acquired at the same time as the

metabolite signals.

Further to the use of the unsuppressed-water signal for quantification of
cerebral water content, the same signal area was optimised (by the necessary
correction factors) and used as an endogenous reference in the estimation of
cerebral metabolite concentrations. Both the water and metabolite
quantification techniques vyielded estimates that were comparable with
published values for the same brain regions and tissue types. Thus, both

techniques were validated and could be used in future MRS studies.

In agreement with previous studies [61, 177], cerebral water content was found
in this thesis to be uniformly distributed across various brain regions, and was
not observed to vary with age or gender. The results also corroborated previous
findings [58-60, 62]that water content of grey matter tissue is higher compared

to that of white matter tissue.
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For the first time, this thesis also compared regional water content and MT
ratio variation across the brain. For the same brain regions, the pattern of
cerebral water distribution as measured by MRS was found to be comparable to
the regional MT ratio estimates derived from MT imaging. MT imaging was thus
suggested in this thesis as a possible way of validating regional variation in
cerebral water content as measured by MRS. In any case, such comparative
deductions have not been done previously, and so the comparison in itself adds

to the novel contributions of this thesis.

The voxel contents for the estimation of the cerebral water values in previous
MRS studies [58, 59] were either almost grey or white matter tissues. However,
the voxel contents of grey and white matter tissues in this thesis did not vary
significantly in most cases; yet the tissue water estimates were comparable to
those of the previous studies. This was possible due to the inclusion of partial
volume correction in the quantification method that ensured the right amount
of voxel tissue fraction was used in the estimate. Thus, the water value was
scaled to the amount of tissue fraction from which it was quantified. The use
of this voxel grey matter/white matter tissue mix in the accurate estimation of

tissue-specific cerebral water content is also original.

To date, the few peripheral inflammation (and even fewer psoriatic arthritis
particularly) studies [190, 191] have only measured NAA, Cho and Cr, and
expressed them in relative units. Using the techniques developed in this thesis,
absolute quantification of cerebral water and metabolite concentrations were
done for the first time in a group of volunteers diagnosed with, and treated
for, psoriatic arthritis. In addition to the three generally measured metabolites
(expressed as ratios), this thesis further measured Glu and ml (expressed in
absolute units) in the prefrontal brain. Voxel positions in the psoriatic arthritis

(PsA) study were the prefrontal, left and right hippocampal regions.

Female PsA patients were found to improve in mood more than their male
counterparts; but this did not necessarily mean improvement in their PsA

condition as a disability assessment was not done in this study. Even though
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cerebral water content in the PsA patients were well within the normal range,
they were generally found to have higher tissue water content compared to
healthy controls, matched for age and gender. The results of this thesis suggest
that in psoriatic arthritis, higher cerebral water content may be associated
with improvement in mood. This does not therefore support the suggestion that
in peripheral inflammation, brain water content is likely to increase when the
normal brain function of recruiting water-soluble proteins to the affected site
is compromised (section 7.1.1). In fact, the insignificant changes in the
cerebral metabolite concentrations in the PsA patients also indicated that the
condition of PsA does not appear to affect cerebral metabolism significantly.
Further to this, the patients did not differ significantly from normal in their
mood scores. The mood scores did not also vary with cerebral water and

metabolite changes following anti-inflammatory therapy.

A significant and new finding from the PsA study was that higher absolute
concentrations of left hippocampal NAA may be associated with lower BDI
scores (i.e. better mood). This thesis therefore further supports previous
studies that have implicated the left brain hemisphere (and structures therein)

to play a role in the regulation of mood/behaviour.

In terms of regional variation within the three voxel positions studied in both
patients and controls (at baseline and post-medication), only Cr and water
were found to be fairly constant. However, in terms of which was stable in PsA,
cerebral water was relatively constant. Both were however neither age nor

gender dependent in all voxel positions studied.

The stability of cerebral water peak area during sustained neural activation
was investigated using two temporal resolution values in the same volunteers,
for the first time, in this thesis. Generally, the cerebral water peak area was
found to remain fairly constant even though it responded to the activation (the
response was manifested as increases in its peak height). Only the peak area
change with the temporal resolution of NEX = 2 in a single fMRS paradigm was

found to be significant; this was however not the case with the metabolites.
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Secondly, there was a significant difference in the BOLD response of cerebral
water between NEX = 2 and NEX = 8 in the single, but not repeated, paradigm.
It was noted that the origin of the water signal from both intra- and
extravascular compartments of the brain might have aided in the significant
response to sustained (i.e. single) visual stimulation; the metabolite signals
originate from only the extravascular compartment as they are confined in

brain parenchyma.

Novel findings from the fMRS studies were that: a single activation paradigm
generally gives higher BOLD changes in both water and metabolite peaks;
regardless of the fMRS paradigm used, NEX = 2 results in higher BOLD changes
compared to NEX = 8; only the BOLD changes recorded with NEX = 8 compare
directly with literature values [246, 247, 255, 256]. The reason for this might
be that NEX = 8 is the default temporal resolution on most MR scanners (at
least on the GE scanner used in this thesis) and so researchers are more likely
not to change the NEX value prior to the fMRS experiments. This thesis
therefore has revealed that differences in the NEX values used in various
studies could be a potential source of discrepancies in their results, in addition
to other sources of discrepancies discussed in chapter 8. The results have
further shown that BOLD changes could either be significant or not, depending
on the paradigm design and temporal resolution (i.e. NEX value) of the MRS
data.

Through its novel in vivo relaxation time, water content, absolute metabolite
and BOLD response measurements, this thesis has improved upon the accuracy
and precision of previous MRS studies. In respect of its general objective, this
thesis has also corroborated the suitability of cerebral water as a reference
concentration in absolute quantitative MRS. Where necessary, the possible
sources of the discrepancies between the results presented here and those
previously published have been explained. These novel techniques can now be
added to the body of knowledge in MRS, and are now ready to serve as tools for

future MRS brain studies, both diseased and non-diseased.
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9.2 Methodological Limitations and Recommendation S

The limitation of the external reference calibration method developed in this
thesis was the time taken to acquire all the unsuppressed-water data across
the entire FOV of the eight-channel head coil. Future studies may develop and
implement quicker MRS pulse sequences to record all the required
unsuppressed-water data. On the other hand, a proton-density MRI of a brain
phantom may be acquired and used for the same purpose of obtaining the
reference signal. The MRI-based method of deducing the reference signal would
be possible if there is a way of localising the in vivo voxel in the image of the

phantom as has been done in this thesis (chapter 4).

The standard equations representing the sensitivity maps of the head coil
presented in this thesis may be validated and used for purposes of referencing
in future studies. The validation process would require future studies to
perform similar measurements on a similar or different scanner type using the
eight-channel head coil or a different coil design (e.g. the quadrature head
coil). Similar polynomial equations could then be deduced using the
unsuppressed-water data. Cerebral water content could then be quantified
using the derived reference signals from the different coil designs or
experiments. If the results are comparable, it would mean that future studies
may not have to perform the RF sensitivity mapping measurements again; and
could thus directly use the in vivo voxel coordinates substitution method of

deriving the reference unsuppressed-water signal.

In the absolute quantification of cerebral water and metabolite concentrations,
their respective signals were corrected for Ty and T, relaxation effects using
relaxation time estimates from a different set of experiments performed on a
separate group of healthy volunteers. Even though this is normally the case in
MRS studies [58], errors arising from ROI selections that do not exactly contain
the same tissue type as that in the MRS voxel could lead to inaccuracies in the
final concentration estimates. Secondly, the health conditions of the two

groups of volunteers may vary significantly which may affect the results. With
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the techniques developed in this thesis, it is possible to include the TE and TR
of choice for the metabolite acquisition in the Ty and T, measurements; this
will allow for the relaxation times and concentrations to be estimated from the
same voxel position within the same volunteer, within the same examination

session.

For the work on cerebral water quantification and assessment of regional
variations (chapter 6), the left and right hippocampal data were only for
males. It was necessary to investigate whether hippocampal water content
varied by gender; moreover, combining that data set with the hemispheric data
set could have introduced some degree of error in the explorative analysis for
regional variation in water content. Nevertheless, the hippocampal work in
chapter 7 showed that gender was not an issue; neither did regional water
content vary significantly as long as the tissue types are the same. However,
only data for the left hemisphere was available for the regional water variation
in chapter 6. As a recommendation, future studies should take advantage of
the shorter acquisition times of the techniques developed in this thesis, and
perform the measurements in all the possible voxel positions when assessing
regional variation in cerebral water content. This applies to the assessment of
regional variation in the metabolite concentrations as well. Regional
metabolite concentrations were assessed in only three brain regions (i.e.
prefrontal, left and right hippocampi) in this thesis; which is not sufficient for
a rigorous test to be done on regional variation in the metabolite

concentrations.

Even though the focus of this thesis was not to measure those peaks in the Glx
complex, acquisition parameters were carefully selected to ensure that at least
the spectral peaks of Glu and Gln were well resolved. The success of the choice
of acquisition parameters in this regard was further aided by the higher SNR of
the 3 T (compared to 1.5 T) clinical magnet which was equipped with an eight-
channel head coil used for all experiments in this thesis. Nonetheless, it was
possible that GABA still contributed to the successfully resolved Glu and Gln

peaks since no further spectral editing was done to completely resolve those



302

three components of the Glx complex. Advanced MRS localisation sequences
are now available, tailored for the acquisition of the individual components of
the Glx complex [271]; spectral editing and even higher field strengths (up to 7
T) are also promising ways of acquiring Glu, Gln and Glx separately [255, 256,
266, 272-274].

In the PsA study, the availability of some important data about the volunteers
could have clarified some of the MRS findings. Such data as the BDI scores of
the healthy volunteers, comparative MRS data of healthy volunteers at follow
up, patient data on disability scores, length of illness and blood cytokine levels
(to mention but a few) were crucial to a better understanding of the outcomes
of the experiments. Subjects’ intake of fluids/water or dehydration status was
not accounted for in the estimates of cerebral water content. These pieces of
information and some of those discussed in chapter 7 should be included in
future studies of cerebral water content in both psoriatic (or any other disease

when necessary) and healthy subjects.

9.3 Suggestions for Future Medical Applications

The MRS measurement of absolute metabolite and water concentrations in the
human brain in vivo can be applied in the study of any disease that has a
relationship with the brain. However, one limitation of applying the water
content method (described in this thesis) to investigating disease is that the
technique assumes that the water content is the same in the intra- and
extracellular spaces. In the case of edema or tumor, extracellular water
content increases while the intracellular component may remain unaffected. In
such a situation, the water signal (and for that matter the water content)
attributable to intracellular tissue would be overestimated, and the metabolite

concentrations would be underestimated using the water referencing method.

The techniques developed in this thesis can be used in a number of medical
applications but the following were the projects of interest to the author and

research supervisors during the period of the work presented in this thesis.
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9.3.1 Water Measurements in Brain Inflammation and

Tumors

In chapter 7, water content and absolute metabolite concentrations were
estimated in the brains of patients diagnosed with psoriatic arthritis, PsA (a
peripheral inflammatory condition). The technique was sensitive to record
subtle changes in cerebral metabolism following anti-inflammatory medication.
The technique could therefore even be more sensitive if the condition affects
the brain directly, such as tumors and multiple sclerosis, MS (a brain
inflammatory condition). Ty and T, corrections for the PsA study were done
using Ty and T, estimates from healthy subjects, assuming that the condition
did not change the tissue and metabolite T; and T, relaxation times
significantly. However, in the case of direct brain involvement, such as in MS,
this assumption may not hold true. Relaxation time corrections are therefore
likely to be the challenge in this case. Nonetheless, as proposed in sections 9.1
and 9.2, the quantification technique in this thesis is rapid, and could be
combined with relaxation time measurements in the same subject, thus

avoiding the need to use Ty and T, values from another study.

9.3.2 Brain Temperature Measurements in fMRS Studie s

In section 1.4.2, the application of MRS in brain temperature measurements
using the water and NAA peaks was discussed. No human study of fMRS has
monitored/measured brain temperature changes resulting from neural
stimulation during the experiments. With the spectral processing technique
presented in this thesis, it is possible to calculate brain temperature and BOLD
changes, simultaneously during neural activation. This could provide an insight
into the effect of temperature on the amount of BOLD signal, and also the
minimum amount of stimulation that will cause significant temperature rise
which may be harmful to a patient. This application can be implemented
without the need for any correction to the data since only the displacement

between the NAA and water peaks are used to estimate temperature, whereas
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the BOLD changes are calculated from the peak height, area and linewidth

obtained from the fitting routine described in section 2.3.1.2.

9.3.3 MT Spectroscopy of Cerebral Water Content

Magnetisation Transfer Spectroscopy (MTS) pulse sequences are now available
and have been used in previous human studies [275-278]. The MTS method
provides the MT ratios of the metabolites in tissue. Only one of these studies
used the MTS technique in the quantification of the MT effect on cerebral
water content in normal subjects [276]. It would be interesting however to use
a normal water-suppressed MTS sequence to acquire both MT on and MT off
spectra. Processing these spectra and fitting them in the same way as done in
this thesis, it is possible to obtain the unsuppressed-water and metabolite
spectral peaks and subsequently calculate their respective MT ratios. This will
be advantageous over performing MT imaging and MRS separately on the same
subject because the MTS of water and metabolites together will allow for the
same voxel position to be used, and will maximise time and equipment. Such a
technique could also be used in the assessment of regional water content
where MT imaging was used, and has been suggested, to validate the MRS
results (chapter 6). Subsequently, such an MTS method could be applied in
studies of many disease conditions that impact on brain metabolism, such as in
peripheral and CNS inflammation. The calculation of the MT ratios in this case
will require only the spectral peak areas which do not need further corrections

after spectral fitting.

9.3.4 Cerebral Water Content in Brain Tumor

Classification

In fact, this particular project had begun during the preparation of this thesis.
The Neurology and Histology Departments of the Southern General Hospital are
currently collaborating to undertake the study. Retrospective MRS, radiology

and biopsy reports between the years of 2000 and 2010 of 121 tumor patients
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have been collected. The MRS data for all patients will be processed using the
techniques of this thesis to obtain the unsuppressed-water and metabolite peak
areas. While ensuring that the biopsy and radiology reports are blinded to the
MRS physicist, the metabolite peak areas will be used in a spectral classifier
program, INTERPRET [279], to classify the brain tumors. The metabolite peaks
are usually expressed as ratios, relative to either the Cho or Cr peaks [280,
281] (in fact, some other studies [282, 283] have used the water peak for
referencing but not in the INTERPRET program). However, in another set of
analysis, the default reference peaks will be replaced by the water peak in

order to observe any effect this might have on the classification outcomes.

Both classification schemes (i.e. with and without the water peak) will be
evaluated for classification accuracy (using ROC curves) by comparison to the
biopsy reports (which contain the actual tumor classes). Thus, the water peak
will be used in this case, for the first time, to establish a threshold at which

brain tumors may vary by classes.

In conclusion, this thesis documents a group of interrelated experiments that
have measured and quantified changes (under selected experimental
conditions) in the human brain tissue water signal using the single-voxel 'H-MRS
technique. These experiments involved the development of novel methods for
the quantification of cerebral water and metabolite concentrations,
simultaneously. Generally, the findings of this thesis are in support of the use
of the endogenous water signal for referencing in absolute quantitative 'H-MRS
of the human brain. The developed quantification methods on the other hand
do not have subject tolerance issues (as spectral acquisition times are not
prolonged), provide accurate results and could therefore be applied in future

MRS brain studies involving both patients and healthy subjects.
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Appendices
Appendix 2.1: Ethical Approval for Healthy Human
Studies

WoSRES NHS

West of Scotland Research Ethics Service s
Greater Glasgow

West of Scotland REC 4 and Clyde
Ground Floor, Tennent Bullding
Westemn Infirmary

Mr Abdul Nashirudeen Mumuni ey oot

PhD Research Student G11 6NT

University of Glasgow Wi fihsgac. org.uk

MRI Unit, Institute of Neurological Sciences

1345 Govan Road Date 29 September 2011

Southern General Hospital Direct line 0141-211-1722

Glasgow Fax 0141-211-1847

G51 4TF e-mail evelyn.jackson@ggc.scot.nhs.uk
Dear Mr Mumuni

Study title: Development and Optimisation of MRS Data Acquisition ‘

in Studies of Treatment-Resistant Clinical Depression:
Reference single voxel Magnetic Resonance (MR)
Spectroscopy Brain Scans on Healthy Humans |
RECreference: | 11/WS/0019 - |

Thank you for your letter of § September 2011, responding to the Committee’s request for
further information on the above research and submitting revised documentation.

The further information was considered in correspondence by a sub-committee of the REC.
A list of the sub-committee members is attached.

Confirmation of ethical opinion

On behalf 'cnf the Committee, | am pleased to confirm a favourable ethical opinion for the
above research on the basis described in the application form, protoccl and supporting
documentation, as revised, subject to the conditions specified below.

Ethical review of research sites

NHS sites

The favourable opinion applies to all NHS sites taking part in the study, subject to
management permission being obtained from the NHS/HSC R&D office prior to the start of
the study (see "Conditions of the favourable opinion" below).

Conditions of the favourable opinion

The favourable opinion is subject to the following conditions being met prior to the start of
the study.

Delivering better health

www.nhsggc.org.uk
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Management permission ("R&D approval”) should be sought from all NHS organisations
involved in the study in accordance with NHS research governance arrangements.

Guidance on applying for NHS permission for research is available in the Integrated
Research Application System ar at http://www.rdforum.nhs uk.

Where a NHS organisation’s role in the study is limited to identifying and referring potential
participants to research sites ("participant identification centre"), guidance should be sought
from the R&D office on the information it requires fo give permission for this activity.

For non-NHS sites, site management permission should be obtained in accordance with the
procedures of the refevant host organisation.

Sponsors are not required to noftify the Committee of approvals from host organisations

It is the responsibility of the sponsor to ensure that all the conditions are complied
with before the start of the study or its initiation at a particular site (as applicable).

Approved documents

The final list of documents reviewed and approved by the Committee is as follows:

i 2 Document | Version |  Date
Covering Letter [ s 05 September 2011
Investigator CV - 01 July 2011
Other: Professor B R Condon's CV - 09 June 2011
Other: Dr J Cavanagh's CV - 09 June 2011
Participant Consent Form 32 05 September 2011
Participant Information Sheet 32 05 September 2011
Protocol 11 05 September 2011
Questionnaire: The General Health Questionnaire - -

REC application - -
Response to Request for Further Information - -

1
Statement of compliance

The Committee is constituted in accordance with the Governance Arrangements for
Research Ethics Committees (July 2001) and complies fully with the Standard Operating
Procedures for Research Ethics Committees in the UK.

After ethical review

Reporting requirements

The attached document "After ethical review — guidance for researchers” gives detailed
guidance on reporting requirements for studies with a favourable opinion, including:

Notifying substantial amendments

Adding new sites and investigators
Notification of serious breaches of the protocol
Progress and safety reports

Notifying the end of the study
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The NRES website also provides guidance on these topics, which is updated in the light of
changes in reporting requirements or procedures.

Feedback

You are invited to give your view of the service that you have received from the National
Research Ethics Service and the application procedure. If you wish to make your views
known please use the feedback form available on the website.

Further information is available at National Research Ethics Service website > After Review

| 11/WS/0019 Please quote this number on all correspondence |

With the Committee's best wishes for the success of this project.
Yours sincerely

Dr Brian Neilly

Chair

Enclosures:  List of names and professions of members who were present at the meeting
“After ethical review — guidance for researchers”

Copy to: Dr Debra Stuart, R&D Office, Tennent Building, Western Infirmary
Dr Erica Packard, R&D Office, Tennent Building, Western Infirmary
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Committee Members:

\Name . | Profession - © . |Present |Notes

Dr Brian Neilly” Consultant Physicu:an Yes

Mr Andrew Maclennan Lay Member Yes (
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Greater Clasgow

and Cl?lde
Coordinator: EP/IBR R&D Management Office
Telephone Number: 0141-211-6208 Western infirmary
E-Mail: Erica.Packard@ggc.scot.nhs.uk Tennent Institute
Website: www.nhsggc.org.ukfr8d 1%t Floor 38 Church Street

Glasgow, G11 6NT

3 October 2011

Professor B Condon

Head of Imaging Physics for GG&C Health Board
MRI Unit, Institute of Neurological Sciences
1345 Govan Road

Southern General Hospital

Glasgow

G51 4TF

NHS GG&C Board Approval

Dear Professor Condon

Study Title: Development and Optimisation of MRS Data Acquisition in Studies of Treatment-
Resistant Clinical Depression: Reference single voxel Magnetic Resonance (MR)
Spectroscopy Brain Scans on Healthy Humans

Principal Investigator:  Professor Barrie Condon

GG&C HB site Southern General Hospital
Sponsor NHS Greater Glasgow & Clyde
R&D reference: GN11NE240

REC reference: 11/WS/0019

Protocol no: Version 1.1 dated 5 September 2011
{including version and date)

| am pleased to confirm that Greater Glasgow & Clyde Heaith Board is now able to grant Approval for the above

study.
Conditions of Approvai
1. For Clinical Trials as defined by the Medicines for Human Use Clinical Trial Regulations, 2004

a. During the life span of the study GGHB requires the following information relating to this site
i. Notification of any potential serious breaches.
ii. Notification of any regulatory inspections.

it is your responsibility to ensure that all staff involved in the study at this site have the appropriate GCP training

according to the GGHB GCP policy (www.nhsgac.org.uk/content/default.asp?page=s1411), evidence of such
training 1o be filed in the site file.

Delivering better health

www.nhsgge org.uk

Page | of 2 NonCommApproval_R&D_ 041010 V3
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NHS

Greater Clasgow
and Clyde
2. For all studies the following information is required during their lifespan.
a. Recruitment Numbers on a quarterly basis
b. Any change of staff named cn the original SSI form
¢. Any amendments — Substantial or Non Substantial
d. Notification of Trial/study end including final recruitment figures
e

Final Report & Copies of Publications/Abstracts

Please add this approval to your study file as this letter may be subject to audit and monitoring.
Your personal information will be held on a secure national web-based NHS database.
| wish you every success with this research study

Yours sincerely,
ga‘?r:-\ L gﬂ._&/?’i\

Dr Erica Packard
Research Co-ordinator

Cc: Mr Abdul Nashirudeen Mumuni, MRI Unit, Institute of Neurological Sciences, SGH

Delivering better health

wrw.nhsgge.org.uk

Page 2 of 2 NonCommApproval R&D 041010 V3
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Appendix 2.2: The General Health Questionnaire-12

The
General Health
Questionnaire

Please read this carefully.

We should like to know if you have had any medical complaints and how your health has been in general, over the
last few weeks. Please answer ALL the questions simply by underlining the answer which you think most nearly
applies to you. Remember that we want to know about present and recent complaints, not those that you had in the

past.

It is important that you try to answer ALL the questions.

Thank you very much for your co-operation.

CHENUS MBI o s e R e e R e T T i T e

HAVE YOU RECENTLY:

1 — been able to concentrate
on whatever you're doing?

2- lost much sleep
over worry?

3- felt that you are playing a
useful part in things?

4- felt capable of making
decisions about things?

5- felt constantly
under strain?

6 — felt you couldn't
overcome your difficulties?

7 - been able to enjoy your
normal day-to-day activities?

8- been able to face up to
your problems?

9- been feeling unhappy and
depressed?

10- been losing confidence in
yourself?

11- been thinking of yourself
as a worthless person?

12- been feeling reasonable
happy, all things considered?

© Copyright David Goldberg, 1978

Better
than usual

Not at all
More so
than usual

More so
than usual

Not at all

Not at all

More so

than usual

More so

than usual

Not at all

Not at all

Not at all

More so
than usual

Same
as usual

No more
than usual

Same
as usual

Same
as usual

No more
than usual

No more
than usual

Same
as usual

Same
as usual

No more
than usual

No more
than usual

No more
than usual

About same
as usual

Less
than usual

Rather more
than usual

Less useful
than usual

Less so
than usual

Rather more
than usual

Rather more
than usual

Less so
than usual

Less able
than usual

Rather more
than usual

Rather more
than usual

Rather more
than usual

Less so
than usual

Much less
than usual

More more
useful

Much less
useful

Much less
capable

Much more
than usual

Much more
than usual

Much less
than usual

Much less
ablel

Much more
than usual

Much more
than usual

Much more
than usual

Much less
than usual

This measure is part of Assessment: A Mental Health Portfolio, edited by Derek Milne., Once the invoice has been paid it may be

photocopied for use within the purchaing institution only.

Published by The NFER-NELSON Publishing Company Ltd, Darville House, 2 Oxford Road East, Windsor, Berkshire SL4 1DE



Appendix 2.3: The MRI Safety Checklist

MRI INVESTIGATION DETAILS AND SAFETY CHECKLIST wmay 2008

313

Patient Name:

Address

Post Code: Sex:

Date of Birth: Weight (kg):

Consultant:

X-Ray Number:

Ward:

Date:

Hospital Number:

Area of Interest:

SAFETY QUESTIONS

Does the patient have, or have they EVER had:?

A cardiac pacemaker or defibrillator or internal
pacing wires

An operation on their heart

A brain aneurysm clipped or treated

A plate in their skull

Any operations on their head

A vascular clamp, coil or stent

An artificial heart valve

A bladder implant

An insulin or infusion pump

An ear implant

A pain relief implant

Any electronic implants (e.g. Neurostimulator)
Any other implants or prostheses

Metal enter their bodies from an industrial
accident or through military service

An eye injury or attended an eye department
or had eye surgery

Worked on milling or drilling machines or in the
shipyards where metal may have entered their
eyes

Any artificial joints or limbs or screws or pins or
plates for broken bones

Suffered from fits or blackouts

Had any surgical operations or endoscopy

in the last six weeks

Had a spinal fracture

Yes No

LT 1

—
——

Please tick...

Had any surgical operations

Wearing coloured contact lenses
Have tattoos or permanent eye-lining
Is the patient pregnant

Are they up to 14 weeks pregnant
Have a contraceptive diaphragm
Have breast implants

Have they removed?:

All removable dentures
Everything from their pockets

All hairclips and earrings

Their watch, credit and cash point
cards

Any braces and corsets

All hearing aids

All skin patches

All make-up

All body piercing material

Bra if for spine, torso or shoulder
scan

If they may be given contrast and are
of child bearing age:

Are they breast feeding

Yes No

T ]

I confirm that the answers to the above safety questions are correct

Signature of patient/parent/guardian/volunteer: Date:

If the patient is unable to sign please state why here: e
If any of the answers to the Safety Questions have been YES consult the INS MRI Safety Information Book
Note the details of the implants/operations here and indicate whether the book says they are SAFE or UNSAFE:

If the implant/operation is not included in the book or you are unsure then you MUST refer this to the Supervising
Radiologist. If they subsequently agree to the scan they should sign here:
Authorising Signature

The Radiologist should sign here if no clear history of implants or operations can be obtained (e.g. the patient is
comatose or confused) to confirm they are safe to image:
Authorising Signature

If the scan is to proceed because of urgent clinical need despite contraindications (i.e. UNSAFE) the Consultant
Radiologist must sign here:
Authorising Signature

Signature Of:

Checklist Radiographer Scanning Radiographer
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Appendix 2.4: Ethical Approval for the Psoriatic Ar thritis
Study

WOSRES NHS

West of Scotland Research Ethics Service
Greater Glasgow
West of Scotland REC 3 and C |yd e
Ground Floor — The Tennent Institute
Western Infimary
38 Church Street
Glasgow G11 6NT
www.nhsggc.org.uk

Dr Rajeev Krishnadas Date 18 Feb. 10

Clinical Lecturer in Psychological Medicine Your Ref

University of Glasgow Our Ref

Sackler Institute Direct line 0141 211 2123

Southern General Hospital Fax 0141 211 1847

Glasgow G51 4TF E-mail Liz. Jamieson@ggc.scot.nhs.uk

Dear Dr Krishnadas

Study title: An imaging study of effect of TNF alpha blockade on
brain SERT and DAT availability and fMRI in patients with
Psoriatic and Rheumatoid arthritis

REC reference: 09/S0701/77
Amendment number: AMO1
Amendment date: 09 February 2010

The above amendment was reviewed at the meeting of the Sub Committee held on 18
February 2010.

Ethical opinion

The members of the Committee taking part in the review gave a favourable ethical opinion
of the amendment on the basis described in the notice of amendment form and supporting
documentation.

Approved documents

The documents reviewed and approved at the meeting were:

Document Version Date
Summary of Changes
| Protocol with Tracked Changes Version 2 08 February 2010
Protocol Version 2 09 February 2010
Notice of Substantial Amendment (non-CTIMPs) AMO1 09 February 2010
Covering Letter ' 09 February 2010

Membership of the Committee

The members of the Committee who took part in the review are listed on the attached
sheet.

Delivering better health

www.nhsggc.org.uk
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R&D approval

All investigators and research collaborators in the NHS should notify the R&D office for the
relevant NHS care organisation of this amendment and check whether it affects R&D
approval of the research.

Statement of compliance
The Committee is constituted in accordance with the Governance Arrangements for

Research Ethics Committees (July 2001) and complies fully with the Standard Operating
Procedures for Research Ethics Committees in the UK.

| 09/S0701/77: Please quote this number on all correspondence |

Yours sincerely

Mrs Liz Jamieson
Committee Co-ordinator

E-mail: Liz.Jamieson@ggc.scot.nhs.uk
Enclosures: List of names and professions of members who took part in the
review

Copy to: R&D office for NHS care organisation at lead site




Attendance at Sub-Committee of the REC meeting on 18 February 2010

West of Scotland REC 3
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Name Profession Capacity

Mrs Liz Jamieson Committee Co-ordinator None

‘Mr Eoin MacGillivray Lay Member Lay

Dr Robert McNeill General Practitioner Expert -

#)
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Appendix 4.1: Polynomial fitting of the unsuppresse d-
water signal intensities acquired along the princip al

axes of the RF coll

Inclusion of water signal intensities recorded at voxel position -55 mm from the
isocentre along the RL and S| axes resulted in poor polynomial fits. These

points were far underestimated compared to the rest of the plotted points.

1.60E+08 -

, R?=0.9541

¢ RL (X) plane
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Removal of those plotted points at -55 mm from the isocentre resulted in
better polynomial fits.
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Appendix 7.1: The 21-item Beck’'s Depression Invento  ry

(BDI) used for Mood Assessment

Beck's Depression Inventory

This depression inventory can be self-scored. The scoring scale is at the end of the questionnaire.

1.

[ ]

Lh

10.

W = o W = o
wh=o Wk = o [PV R Wbk o= O Wb = O Wb = D

b = O

¥V

LFVI S -

I do not feel sad.

I feel sad

I am sad all the time and I can't snap out of it.
I am so sad and unhappy that I can't stand it.

I am not particularly discouraged about the future.

I feel discouraged about the future.

I feel T have nothing to look forward to.

I feel the future is hopeless and that things cannot improve.

I do not feel like a failure.

I feel I have failed more than the average person.

As I look back on my life, all I can see is a lot of failures.
I feel I am a complete failure as a person.

I get as much satisfaction out of things as I used to.
I don't enjoy things the way I used to.

I don't get real satisfaction out of anything anymore.
I am dissatisfied or bored with everything.

I don't feel particularly guilty

I feel guilty a good part of the time.
I feel quite guilty most of the time.
I feel guilty all of the time.

I don't feel I am being punished.
I feel I may be punished.

I expect to be punished.

I feel I am being punished.

I don't feel disappointed in myself.
I am disappointed in myself.

I am disgusted with myself.

I hate myself.

I don't feel I am any worse than anybody else.

I am critical of myself for my weaknesses or mistakes.
I blame myself all the time for my faults.

I blame myself for everything bad that happens.

I don't have any thoughts of killing myself.

I have thoughts of killing myself. but I would not carry them out.
I would like to kill myself.

I would kill myself if I had the chance.

I don't cry any more than usual.

I cry more now than I used to.

I cry all the time now.

I used to be able to cry. but now I can't cry even though I want to.



11;

13.

14.

16.

17.

18.

19,

O SR [PV B ]

bl = O

[¥¥] b = o

W= O Wk - O Wk -

[PV S |

L bd = D

319

I am no more irritated by things than I ever was,

I am slightly more irritated now than usual.

I am quite annoyed or uritated a good deal of the time.
I feel irritated all the time.

I have not lost interest in other people.

I am less interested in other people than I used to be.
I have lost most of my interest in other people.

I have lost all of my interest in other people.

I make decisions about as well as I ever could.

I put off making decisions more than I used to.

I have greater difficulty in making decisions more than I used fo.
I can't make decisions at all anymore.

I don't feel that I look any worse than I used to.

I am worried that I am looking old or unattractive.

I feel there are permanent changes in my appearance that make me look
unattractive

I believe that I look ugly.

I can work about as well as before.
It takes an extra effort to get started at doing something.
I have to push myself very hard to do anything.

I can't do any work at all.

I can sleep as well as usual.

I don't sleep as well as I used to.

I wake up 1-2 hours earlier than usual and find it hard to get back to sleep.
I wake up several hours earlier than I used to and cannot get back to sleep.

I don't get more tired than usual.

I get tired more easily than I used to.

I get tired from doing almost anything.
I am too tired to do anything.

My appetite is no worse than usual.

My appetite is not as good as it used to be.
My appetite is much worse now.

I have no appetite at all anymore.

I haven't lost much weight. if any. lately.
I have lost more than five pounds.

I have lost more than ten pounds.

I have lost more than fifteen pounds.
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20.
0 I am no more worried about my health than usual.
1 I am worried about physical problems like aches, pains, upset stomach, or
constipation.
2 I am very worried about physical problems and it's hard fo think of much else.
3 I am so worried about my physical problems that I cannot think of anything else.
21.

I have not noticed any recent change in my interest in sex.
I am less interested in sex than I used to be.

I have almost no interest in sex.

I have lost interest in sex completely.

LW B I e ]

INTERPRETING THE BECK DEPRESSION INVENTORY

Now that you have completed the questionnaire. add up the score for each of the twenty-one
questions by counting the number to the right of each question you marked. The highest possible
total for the whole test would be sixty-three. This would mean you circled number three on all
twenty-one questions. Since the lowest possible score for each question is zero, the lowest
possible score for the test would be zero. This would mean you circles zero on each question.
You can evaluate your depression according to the Table below.

Total Score Levels of Depression

1-10 These ups and downs are considered normal
11-16 Mild mood disturbance

17-20 Borderline clinical depression

21-30 Moderate depression

31-40 Severe depression

over 40 Extreme depression

A PERSISTENT SCORE OF 17 OR ABOVE INDICATES THAT YOU MAY NEED
MEDICAL TREATMENT. IF YOU HAVE ANY CARDIAC CONCERNS. PLEASE
CONTACT CARDIOVASCULAR INTERVENTIONS. P.A. at 407-894-4880
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