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ABSTRACT
Adapting and Optimizing CBV-MRI and MEGAPRESS-MRS to Measure Slow
Functional Changes in Normal and Abnormal Brains
Jia Guo
Functional brain changes occur rapidly by alterations in synaptic activity, or more slowly,
typified by changes in synaptic density and functional neurochemistry. Functional MRI has
focused more on the prior than the latter, even though slow brain changes are important for
normal brain function and for many brain disorders. With this in mind, I have adapted and
optimized MRI-based tools in mice designed to measure ‘slow functional’ changes in the brain slow changes in linked to synaptic density or slow changes in functional neurochemistry.

First, I developed and optimized a series of tools that can map cerebral blood volume (CBV)
across the cortical mantle and within cortical layers. I show that this reflects the known
functional architecture of the mouse brain and use a whisker-cutting paradigm to show that
this approach is sensitive to slow changes in synaptic density.

Second, I demonstrate the utility of this approach for mapping slow changes in the brain
associated with disease, by pinpointing changes in synaptic density in a novel mouse model of
Alzheimer’s disease.

Third, I implemented and optimized in mice an MR spectroscopy technique designed to
measure changes in two neurotransmitters, GABA and glutamate. I then demonstrate the

translational capabilities of this approach by identifying glutamate abnormalities in the brains
of patients in the prodromal stages of schizophrenia.

Table of Contents
List of Figures

iii

List of Tables

v

List of Abbreviations

vi

1

Chapter 1: Introduction
1
1.1
Specific Aim 1: Mapping Slow Functional Changes Associated with Synaptic Density
Using CBV-MRI
1
1.1.1 CBV-MRI .................................................................................................................................. 1
1.1.2 Cerebral Metabolic Rate, Synaptic Density and Capillary Density ....................................... 3
1.1.3 CBV-MRI as an In Vivo Correlate of Synaptic Density ........................................................... 7
1.1.4 Using CBV-MRI to Map Functional Changes Driven by Changes in Synaptic Density. ....... 10
1.2
Specific Aim 2: Mapping Slow Functional Changes Driven by Alzheimer’s-associated
Endosomal Defects with CBV-MRI
12
1.2.1 Regional Vulnerability in AD ................................................................................................ 12
1.2.2 Synaptic Pathology in AD ..................................................................................................... 13
1.2.3 AD and Endosomal Transport .............................................................................................. 16
1.2.4 Apply CBV-MRI to Pinpoint Vulnerable Brain Regions with Synapses Loss in AD Mouse
Models Having Retromer Dysfunction................................................................................ 18
1.3
Specific Aim 3: Measuring Slow Changes in Functional Neurochemistry Using In Vivo 1HMRS
20
1.3.1 Functional Neurochemistry .................................................................................................. 20
1.3.2 In Vivo 1H-MRS and MEGA-PRESS Spectral Editing ............................................................. 21
1.3.3 In Vivo MEGA-PRESS and Glutamate Abnormality in Prodromal Schizophrenia ............... 25

2

Chapter 2: Specific Aim 1
28
2.1
Purpose
28
2.2
Materials and Methods
28
2.2.1 Generating CBV Map in Mice ............................................................................................... 28
2.2.2 MouseStream - An Analytic Pipeline for CBV-MRI Brain Mapping in Mice........................ 39
2.2.3 Mapping Synaptic Loss with CBV-MRI ................................................................................. 51
2.3
Results
54
2.3.1 Mapping Functional Architectures of the Living Mouse Brain ........................................... 54
2.4
Supplementary*
70
2.4.1 Dynamic Relaxation Contrast MRI ....................................................................................... 70

3

Chapter 3: Specific Aim 2
83
3.1
Purpose
83
3.2
Materials and Methods
83
3.2.1 Animals ................................................................................................................................. 83
3.2.2 Image Acquisition ................................................................................................................. 83
3.2.3 Generating CBV Maps........................................................................................................... 84
3.2.4 Voxel-based Analysis ............................................................................................................ 84
3.3
Results
85

4

Chapter 4: Specific Aim 3
4.1
Purpose
4.2
Materials and Methods

87
87
87

i

4.2.1
4.2.2
4.2.3
4.2.4
4.2.5
4.3
4.3.1
4.3.2
4.3.3
4.3.4
4.4
4.4.1
5

MEGA-PRESS Sequence Setup at 9.4T ................................................................................. 87
MEGA-PRESS Spectra Acquisition at 9.4T ............................................................................ 89
Spectral Processing and Analysis ......................................................................................... 93
Evaluation and Comparison of Proposed Method and Cr Fitting Based Method for
Frequency and Phase Drift Correction ................................................................................ 97
Imaging Glx Abnormality in Prodromal Schizophrenia ....................................................... 99
Results
101
In Vitro Phantom Study at 9.4T .......................................................................................... 102
In Vivo Animal Study at 9.4T .............................................................................................. 102
Performance Comparation of the Spectral Drift Correction Methods ............................. 107
In Vivo Human Study at 3T ................................................................................................. 111
Supplementary*
114
MRSMouse - An Analytic Pipeline for Processing and Analyzing JDE MRS Spectra ......... 114

Chapter 5: Discussion and Conclusion
125
5.1
Specific Aim 1
125
5.2
Specific Aim 2
129
5.3
Specific Aim 3
130
MEGA-PRESS Study at 9.4T ............................................................................................................. 130
MEGA-PRESS Study at 3T................................................................................................................. 133

References

135

ii

List of Figures
Figure 1 Changes in synaptic density is tightly correlated with the cerebral metabolic rate (CMR)
in multiple brain regions across species during mammalian development. ·························· 4
Figure 2 Glucose metabolism is tightly correlated with the capillary density in multiple brain
regions of rat. ·························································································································· 6
Figure 3 Cytochrome oxidase (COX) activity is tightly correlated with the capillary density (blue
lines) in the visual area V1 of macaque (A) and in multiple brain regions of rabbit (B). ······· 7
Figure 4 Entorhinal cortex (EC) is regionally vulnerable in preclinical AD. ··································· 12
Figure 5 The trans-entorhinal region between EC and PRC is called TEC in short. ······················ 13
Figure 6 Endosomal traffic jam acts as the pathogenic hub in AD. ·············································· 17
Figure 7 Endosomal traffic jam can mediate AD pathophysiology.·············································· 17
Figure 8 Mapping CBV using ∆R2 in the brain with intraperitoneal injection of Gadodiamide. ·· 29
Figure 9 Bruker 9.4T preclinical small animal MR scanners. ························································ 30
Figure 10 Comparing old MRI scans versus the new MRI scans. ·················································· 32
Figure 11 Time-of-flight (TOF) MR angiography. ·········································································· 33
Figure 12 CBV results of different regions in the brain. ······························································· 34
Figure 13 Large vessel filtering of CBV map using the Expectation-Maximization Gaussian
mixture model (EM-GMM). ·································································································· 35
Figure 14 Group-wise averaged CBV maps generated from 10 WT C57/6BJ mice. ····················· 36
Figure 15 Co-registered ex vivo and in vivo brain atlas. ······························································· 44
Figure 16 Generating the Laplace field with iteratively local smoothing. ···································· 47
Figure 17 Generating the streamlines and deriving the cortical thickness and depth-dependent
CBV. ······································································································································· 48
Figure 18 Seven P70 WT male mice were scanned for the whisker cutting study with the high
spatial resolution SSCE CBV protocol.··················································································· 52
Figure 19 The population-averaged CBV template was generated as described previously. ······ 55
Figure 20 MouseStream output. ··································································································· 56
Figure 21 Cortical thickness, mean neuronal density and CBV scatter plots of the entire cortex
with 29 cortical regions.········································································································ 57
Figure 22 Mapping functional architectures in vivo with CBV maps at different depths across the
cortex. ··································································································································· 58
Figure 23 Neuronal density and CBV scatter plot of 29 cortical regions and 20 depths per region.
··············································································································································· 59
Figure 24 Neuronal density and CBV calculated at 29 cortical regions and 20 cortical depths
using the population-averaged template volumes. ····························································· 60
Figure 25 CBV functional architecture matches the neuronal density cytoarchitecture. ············ 61
Figure 26 The logarithm ratio (Log-ratio) between the neuronal density and CBV. ···················· 62
Figure 27 The dendrogram. ·········································································································· 63
Figure 28 Hierarchical clustering result at the highest level of the hierarchy.····························· 63
Figure 29 Depth-dependent neuronal density and CBV results of the barrel cortex. ·················· 64
Figure 30 Mouse barrel cortex neuronal density and CBV, and rat barrel cortex synaptic density
of each laminar layer. ··········································································································· 65

iii

Figure 31 CBV voxel-based-analysis was performed on the cortical surface after MouseStream
surface projection. ················································································································ 66
Figure 32 Cortical CBV and thickness ROI analysis of the whisker cutting experiment. ·············· 67
Figure 33 Cortical CBV and thickness ROI analysis of the whisker cutting experiment at different
cortical depth. ······················································································································· 68
Figure 34 Cortical laminar layer labels overlaid onto the CBV template. ···································· 69
Figure 35 Modeling CBF of simulated dataset using the deconvolution method. ······················· 78
Figure 36 Modeling perfusion haemodynamics of in vivo data. ·················································· 79
Figure 37 A. In vivo CBF and CBV maps of DRC. B Test-retest ROI analysis of DRC-CBF and DRCCBV. C. Comparison CBF and CBV ROI results of DRC versus published data. ····················· 80
Figure 38 Overview of the proposed DRC pipeline.······································································ 81
Figure 39 OpenDRC interactive user interface and output results. ············································· 82
Figure 40 CBV genotype x age interaction effect was tested between Vps26b+/+ and Vps26b-/mice for the 3-4 months and 12-14 months mice groups. ··················································· 86
Figure 41 Representative pulse sequence of the Meshcher–Garwood point‐resolved
spectroscopy (MEGA‐PRESS) we implemented at 9.4T. ···················································· 89
Figure 42 In vitro results of Meshcher–Garwood point‐resolved spectroscopy (MEGA‐
PRESS) editing for γ‐aminobutyric acid (GABA) solutions. ············································ 102
Figure 43 In vivo results of Meshcher–Garwood point‐resolved spectroscopy (MEGA‐PRESS)
editing for the mouse thalamus. ························································································ 103
Figure 44 Comparison between the proposed unsupervised spectral‐based correction and the
standard creatine (Cr) fitting‐based correction method. ················································ 106
Figure 45 Comparison of frequency and phase drift correction methods. ································ 108
Figure 46 The simulated spectrum (red line) to approximate a noise‐free version of the in vivo
‘Off’ spectrum (black line).·································································································· 109
Figure 47 Frequency and phase drift correction using the proposed unsupervised spectral‐
based correction at a signal‐to‐noise ratio (SNR) of 20. ··············································· 110
Figure 48 Comparison between the proposed unsupervised spectral‐based correction and the
standard creatine (Cr) fitting‐based correction method. ················································ 111
Figure 49 Magnetic Resonance Spectroscopy (MRS) measures hippocampal glutamate +
glutamine (Glx). ··················································································································· 112
Figure 50 Hippocampal glutamate abnormality of patients with attenuated psychotic symptoms
vs. controls ·························································································································· 113
Figure 51 Overview of the proposed spectrum registration algorithm. ···································· 116
Figure 52 Results of within-scan spectrum registration. ···························································· 118
Figure 53 Results of inter-scan spectrum registration. ······························································ 119
Figure 54 Overview of the proposed MEGA-PRESS spectral fitting algorithm. ·························· 120
Figure 55 MRSMouseFit spectral fitting results of all 36 GABA-edited MEGA-PRESS ‘diff’ spectra
(9 mice X 4-time points). ····································································································· 122
Figure 56 Examine the influence of isoflurane on mouse thalamic GABA and Glx levels. ········· 123
Figure 57 MRSMouse2.0, the proposed GUI design. MRSMouseFit module will add the option of
smooth spline-based baseline correction.·········································································· 124

iv

List of Tables
Table 1 The minimum per-average SNRs and the maximum drifts (determined by our proposed
method) of the in vivo spectra. Data was reported as mean ± SD for each time point across
nine subjects. ······················································································································ 104
Table 2 The estimated GABA and Cr peaks areas, the GABA/Cr area ratios, the FWHMs for GABA
and Cr peaks, and the fitting accuracy for GABA and Cr peaks of the in vivo spectra. Data
was reported as mean ± SD for each time point across nine subjects. ······························ 105

v

List of Abbreviations
2HG
2DG
ABA
AD
ACME
AWIR
BCX
CBF
CBV
Cho
CA
CNR
CX
Cr
CC
DG
DROI
DCE
DRC
DSC
DOI
EPI-SE
EC
EGFP
EM-GMM

2-hydroxyglutarate
2-Deoxy-D-glucose
Allen Brain Atlas
Alzheimer’s Disease
an efficient algorithm for automatic
phase correction
averaged wash in rate
barrel cortex
cerebral blood flow
cerebral blood volume
Choline
contrast agent
contrast to noise ratio
cortex
creatine
cross correlation
dentate gyrus
depth & region-of-interest

FID
FWHM
GdBCA
GABA
Glu
Gln
Glx
HC
ICA

dynamic contrast enhanced
dynamic relaxation contrast
dynamic susceptibility contrast
depth-of-interest
echo planar imaging with spin echo
entorhinal cortex
enhanced green fluorescent protein
Expectation Maximization Gaussian
Mixture Model
free induction decay
full width half maximum
gadolinium-based contrast agent
gamma-Aminobutyric acid
glutamate
glutamine
glutamate+glutamine
hippocampus
internal carotid artery

IP
KO
LB
MM

intraperitoneal
knock out
line broadening
macromolecules

MRI
MRS
MSE
MTT
MEGA-PRESS
MEC
COX
NAA
NA
NR
PET
ppm
PRC
PCA
STP
SCA
QA
RARE
ROI
SSCE
SCH
SNR
SD
SEM
SS
ssCE
SSR
TOF
TE
TTP
TR
TEC
LEC
USR
VARPRO
VBA
WT
ZBO

vi

magnetic resonance imaging
magnetic resonance spectroscopy
mean square error
mean transit time
Meshcher–Garwood point resolved
spectroscopy
medial entorhinal cortex
cytochrome oxidase
N-acetylaspartate
number of average
number of repetition
positron emission tomography
part per million
perirhinal cortex
posterior cerebral artery
serial two-photon
posterior cerebral artery
quality assessment
rapid acquisition with relaxation
enhancement
region-of-interest
saturation-state contrast enhanced
Schizophrenia
signal to noise ratio
standard deviation
standard error of the mean
steady-state
steady-state contrast enhanced
sum of square residue
time-of-flight
time to echo
time to peak
time to repetition
transentorhinal cortex
lateral entorhinal cortex
ultra-shielded refrigerated
Variable Projection (for Nonlinear Least
Squares Problems)
voxel-based-analysis
wild type
zero boil-off

1 Chapter 1: Introduction
1.1 Specific Aim 1: Mapping Slow Functional Changes Associated with Synaptic Density Using
CBV-MRI
1.1.1 CBV-MRI
Magnetic resonance imaging (MRI) tools are widely used to evaluate brain structure and
function. The major advantage of MRI techniques is that they are non-invasive, do not use
radioactive agents (as opposed to PET) and do not rely on hazardous ionizing radiation (as
opposed to CT), rendering MRI a safe imaging tool appropriate for longitudinal follow up. MRI is
based on a magnetic field and radiofrequency pulses and most of the MRI applications use the
intrinsic tissue contrast relying on different features of protons in tissue water. In short, the
technique provides excellent soft tissue contrast, rendering it very appropriate to investigate
the brain.

Apart from providing anatomical information, MRI allows studying other properties of brain
tissue including susceptibility and diffusion. In addition, brain function can be assessed by
measuring cerebral blood volume (CBV) (Belliveau et al., 1991), cerebral blood flow (CBF)
(Williams, Detre, Leigh, & Koretsky, 1992) and blood oxygen level-dependent (BOLD) (Kwong et
al., 1992).

When imaging brain function, it is important to consider that, brain function can change
acutely, such as when fast changes in neural activity are evoked by an external and transient
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stimulus. Brain function can also change slowly, influencing the associated regional basal
metabolic state (S. A. Small, Schobel, Buxton, Witter, & Barnes, 2011).

fMRI measures of CBV, CBF or BOLD responses can map acute changes in brain function, among
which, the BOLD response is the most sensitive indicator of where neural activity has acutely
changed in response to a transient stimulus providing the highest temporal resolution.
However, there are a few challenges of BOLD to be noted. First, the gradient-echo BOLD signal
is mostly sensitive to ascending veins in the tissue and to pial veins (Huber, Uludağ, & Möller,
2017). Thereby, the achievable spatial specificity to neuronal activation is limited. Also, BOLDfMRI requires rapid acquisitions and a sufficient SNR hence the tradeoff is the spatial
resolution. In addition, upon neural activation, acute changes in local CBF, CBV, and CMRO2,
i.e., the hemodynamic response leads to a locally increased ratio of oxygenated over
deoxygenated hemoglobin, resulting in an enhancement in T2*-weighted signal intensity as the
BOLD contrast. BOLD fMRI is thus an indirect measure of neuronal activity. Moreover, the BOLD
response turns out to be strongly modulated by two additional confounding factors (Davis,
Kwong, Weisskoff, & Rosen, 1998) that act independently of neural activity: baseline levels of
deoxyhemoglobin and the ratio of the fractional changes in CBF and CMRO2, which can vary
across subjects, different brain regions and disease stages. As the result, BOLD is not a
quantitative measure, which implies BOLD signal cannot be interpreted in absolute terms. It is
important to emphasize that these challenges can be addressed. For example, it is now possible
to calibrate the BOLD response against neurovascular confounds (Blockley, Griffeth, & Buxton,
2012; Blockley, Griffeth, Simon, & Buxton, 2013; Blockley, Griffeth, Simon, Dubowitz, & Buxton,
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2015; Davis et al., 1998; Di, Kannurpatti, Rypma, & Biswal, 2013; Kida, Kennan, Rothman, Behar,
& Hyder, 2000), thereby deriving a quantitative measure of brain metabolism.

Brain function can also change slowly overtime. Examples of chronic stimuli that alter basal
metabolism include the synaptic remodeling during brain development (Paolicelli et al., 2011)
and the synaptic dysfunction that has been observed in aging and many brain disorders (Lepeta
et al., 2016; van Spronsen & Hoogenraad, 2010). As fMRI measures of CBV and CBF are
quantitative, they are better suited to mapping slow changes in basal metabolism that are
associated with both brain development and disorders. It has been shown in the basal state
(that is, without acutely altering metabolism with a transient stimulus) the relationship
between CBF, CBV and CMRO2 is typically invariant and tightly coupled (Fox & Raichle, 1986;
Hoge et al., 1999; Hyder & Rothman, 2012; Leenders et al., 1990), and so fMRI measures of
basal CBF or CBV often provide an accurate map of metabolic state.

1.1.2 Cerebral Metabolic Rate, Synaptic Density and Capillary Density
During the last 30 years, a strong correlation has been repeatedly observed between cerebral
metabolic rate (CMR) and synaptic density in the brain, which suggests that slow metabolic
changes are linked to changes in synaptic density. Examples include, loss of synapses caused by
synaptic pruning was critical for the development of the adolescent brain (Blakemore &
Choudhury, 2006), loss of synapses was associated with normal aging (Petralia, Mattson, & Yao,
2014). Recently, a cross species review paper has demonstrated a consistent tight correlation
(r>0.9 as shown in Figure 1) between CMR and synaptic density in mammalian brains - during
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mammalian development there is an approximate invariance of metabolic energy per synapse
(Karbowski, 2012), which may be secondary to constancy of utilization rates of glucose
(CMRglc) per neuron (Herculano-Houzel, 2011).

Figure 1 Changes in synaptic density is tightly correlated with the cerebral metabolic rate (CMR)
in multiple brain regions across species during mammalian development.
This plot was generated using data published previously (Karbowski, 2012). All measures have
been normalized to 1 for a better illustration of the linear relationship between synaptic density
and CMR across species with trend lines.
Person’s correlation coefficients were calculated for each individual study: 1. Parietal cortex of
rat (Rat-P), R=0.98, p=0.0033; 2. Visual cortex of cat (Cat-V), R=0.95, p=0.012; 3. Frontal cortex
of monkey (Monkey-F), R=0.91, p=0.0335; 4. Visual cortex of monkey (Monkey-V), R=0.96,
p=0.0081; 5. Frontal cortex of human (Human-F), R=0.93, p=0.0007.

In those studies, CMR were directly measured using the resting-state glucose consumption rate
(glucose metabolic rate) with imaging techniques such as fluorodeoxyglucose (FDG) PET
(Attwell & Iadecola, 2002; Chugani, 1998; Rocher, Chapon, Blaizot, Baron, & Chavoix, 2003;
4

Louis Sokoloff, 1977; L. Sokoloff et al., 2006; Toyama et al., 2004) and [14C]2-deoxyglucose (214C-DG) autoradiography (Borowsky, 1989; Paul, Nadine, Susan, Diane, & Joseph, 1987;
Toyama et al., 2004).

Besides the tightly linked relationship between CMR and synaptic density, studies using FDG
PET and 2-14C-DG have both shown that capillary density can also reflects CMR. It turns out
that FDG-PET is not only a direct index of synaptic function and density (Attwell & Iadecola,
2002; Chugani, 1998; Hyder, Rothman, & Bennett, 2013; Rocher et al., 2003; Yu, Herman,
Rothman, Agarwal, & Hyder, 2017) but also a correlate of capillary density (Chugani, 1998).
Study of multiple brain regions in rat using 2-14C-DG autoradiography also revealed a highly
positive correlation (R=0.83, Figure 2-A) between glucose utilization rate and capillary density
(Borowsky, 1989). Another study using radioactive autoradiography analyzed the spatial
correlations or "coupling" between tissue glucose metabolism and capillary density within the
inferior colliculus in rat (Paul et al., 1987), not only they showed a remarkably high positive
correlation (R=0.91, Figure 2-B), they also revealed a highly similar topography between
distributions of glucose metabolism and the capillary density within this structure. The strength
of this correlation suggested that tissue glucose metabolism can be estimated directly from
capillary density measurements within brain regions under normal conditions (Paul et al.,
1987).
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A. (Borowsky, 1989); B. (Paul et al., 1987)
Figure 2 Glucose metabolism is tightly correlated with the capillary density in multiple brain
regions of rat.
A. The positive correlation between the capillary length and the glucose utilization rate in the
rat brain is 0.83. Five predominantly white matter regions (∆) and 18 gray matter structures (●)
were analyzed. (Borowsky, 1989); B. The positive correlation between the glucose metabolism
and capillary density in the rat inferior colliculus is 0.91. (Paul et al., 1987)

In addition, the basal metabolic demand can be characterized by cytochrome oxidase (COX)
staining. Studies using COX-stained basal metabolism and the ex vivo vessel density showed that
COX and capillary density were highly correlated in the visual area V1 of macaque (R>0.9, Figure
3-A) (Weber, Keller, Reichold, & Logothetis, 2008). Studies in rabbits looking at multiple brain
structures also suggested this tight correlation was initially formed after a critical period early in
postnatal development that microvascular anatomy was closely associated to oxidative capacity
by postnatal day 17 (R=0.98, Figure 3-B), likely reflecting a steady state regulation of capillary
density to metabolic requirements (Tuor, Kurpita, & Simone, 1994).
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A.(Weber et al., 2008); B. (Tuor et al., 1994)
Figure 3 Cytochrome oxidase (COX) activity is tightly correlated with the capillary density (blue
lines) in the visual area V1 of macaque (A) and in multiple brain regions of rabbit (B).

In summary, this body of literature has demonstrated that the basal brain metabolism is tightly
correlated with synaptic density, and the capillary density can reliably reflect the basal brain
metabolism. Therefore, it is plausible to assume that, as a first approximation, maps of capillary
density can be used to measure slow functional changes in the brain, which at least in part
reflects changes in synaptic density.

1.1.3 CBV-MRI as an In Vivo Correlate of Synaptic Density
Mapping the functional architecture of the entire cortex, reflecting regional and layer
differences in neuronal/synaptic density and its correlated energy metabolism, has been very
challenging.

As described above, one successful approach has been to stain postmortem brain slices with
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indicators of the COX activity. COX staining is routinely used for example to map the functional
organization of the rodent barrel cortex, and its modular organization. Capillary density studied
by means of histochemical staining techniques can also map regional metabolic demand in the
brain but the functional modularity in microvasculature of the barrel cortex has never been
reported. However, as ex vivo techniques (i.e., COX and histochemical staining of capillary),
longitudinal studies performed on the same subject is impossible and acquiring slices of the
entire cortex becomes very time-consuming. Moreover, histochemical staining or endovascular
casts can cause artifactual distortion of the vessels, thus may not accurately reflect the real
cerebral vasculature in the living animals.

In vivo techniques also exist, such as FDG PET and 2-14C-DG autoradiography can map cortical
metabolism, but these do not possess sufficient spatial resolution to visualize cortical functional
architecture, such as the modularity of the barrel cortex particularly evident in layer IV.

Notably the microvascular density can be easily and quantitatively mapped in vivo with a readily
available steady-state CBV-MRI imaging protocol used the effect of a vasculature space
occupied gadolinium-based exogenous contrast agent (Gadodiamide) on the MRI T2-weighted
image intensity (Moreno, Hua, Brown, & Small, 2006), which provides a directly in vivo
estimation of the capillary density with high spatial resolution and sharp microvascular contrast
(Dunn Jeff et al., 2003; Seevinck, Deddens, & Dijkhuizen, 2010) in the living mouse brain.

Being able to map the full three-dimensional functional architecture reflecting synaptic density
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of the cortex in vivo and noninvasively, across the cortical surface and among its different
layers, is an important unmet need. Besides providing insight into cortical organization, this
capability would allow a more precise spatial-temporal mapping of how the brain changes its
function in response to experience and the factors that mediate and modify functional changes.

With this goal in mind, we have compiled and optimized a series of acquisition and postacquisition MRI tools that can map CBV across the cortical mantle and within cortical layers in
vivo and noninvasively. Please find the technical details in the Chapter 2.

The rodent barrel field is a well-established area where the relationship between blood supply
and functional architecture has been determined (D. L. Adams, Piserchia, Economides, &
Horton, 2015). Endovascular casts have shown a separate tuft of capillaries supplying each
whisker barrel, implying a specialized vasculature (Patel, 1983; Stephanie, Thomas, & Carl,
1993). Given that barrels contain cell dense and cell sparse zones, as do the cortical layers,
fluctuations in local capillary density should be linked. Nevertheless, this relationship has never
been shown. Using our optimized CBV-MRI acquisition and the post-processing tools, we
successfully show that laminar layer-dependent CBV reflects the known functional architecture
of the mouse cortex with high fidelity, such as the modular organization in layer IV of the barrel
cortex.

A direct comparation between CBV and synaptic density distribution in the mouse brain is
necessary to test whether CBV can act as an indirect in vivo measurement of synaptic density.
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Unfortunately, a three-dimensional synaptic density map of the mouse brain is not currently
available. Instead, as a close approximation, a quantitative comparison between our threedimensional CBV map and a published pan-neuronal (neuronal) density map (including neuron
and its axons and synaptic terminals) has been conducted in the mouse brain across the entire
cortex and span the cortical layers. The 3D neuronal density map was provided by the Allen
Brain Atlas using enhanced green fluorescent protein (EGFP)-expressing adeno-associated viral
vectors (AVA) and a serial two-photon (STP) tomography system (Seung Wook Oh et al., 2014).
EGFP-expressing ABA labels all processes of the infected neuron, including axons and synaptic
terminals (S. W. Oh et al., 2014); therefore, the signal intensity of STP scans reflects the
neuronal density.

1.1.4 Using CBV-MRI to Map Functional Changes Driven by Changes in Synaptic Density.
To determine whether CBV-MRI can detect and map experience-dependent changes in synaptic
density we turned to a well-established unilateral whisker cutting experimental paradigm (Zuo,
Yang, Kwon, & Gan, 2005). A previous study used two-photon microscopy to visualize dendritic
spines and found that over a few weeks period in young mice; synaptic pruning outweighs
synaptic formation in the barrel cortex results in a net decrease of synaptic density. Moreover,
this study found that unilateral whisker cutting had no effect on synaptic formation but much
lessened synaptic pruning in the contralateral barrel cortex. Thus, unilateral whisker cutting
reduced synaptic loss on the contralateral barrel cortex, which was still observed on the
ipsilateral barrel cortex as an evidence of maturation of spine morphology. We preformed the
same unilateral whisker cutting experiment as described previously on 7 three-month old wild
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type mice: we first imaged mice at baseline with all whiskers intact, we then trim all whiskers
on the right side in a daily manner while mice were amnestied and imaged mice one week and
one month later using whole brain CBV-MRI. A statistical analysis comparing CBV maps one
week compared to baseline revealed no reliable differences. However, when the CBV maps
acquired one month after whisker cutting were compared to baseline, we observed reliable
reductions in CBV only on the ipsilateral barrel cortex that agreed with the evidence of synaptic
loss reported previously (Zuo et al., 2005).

Details of this section are covered in the Chapter 2.
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1.2 Specific Aim 2: Mapping Slow Functional Changes Driven by Alzheimer’s-associated
Endosomal Defects with CBV-MRI
1.2.1 Regional Vulnerability in AD
Our recent work has shown that the entorhinal cortex (EC) is regionally vulnerable both in
patients with preclinical AD and the mutant mouse brain that expresses AD-like symptoms
(Khan et al., 2014) . Using CBV-MRI, we found reliable hypometabolism changes in the EC for
both human and mouse studies (Figure 4).

(Khan et al., 2014)
Figure 4 Entorhinal cortex (EC) is regionally vulnerable in preclinical AD.
Hypometabolism reflected by the CBV reduction in EC was observed for both human and mouse
studies.

Moreover, a lateral subregion of the EC called the LEC was shown to be more vulnerable to
preclinical AD (Figure 4) as we examined the cross-species studies of both patients with
preclinical AD and the mouse model which expresses similar phenotypes to human AD.

Historically, the TEC has already been shown to be a highly specific region when immunostained
for abnormal tau in the brain (Figure 5) in patients who died in the very early stage of AD. The
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first cortical neurons to become involved are usually specific projection cells of the transentorhinal region(Braak, Alafuzoff, Arzberger, Kretzschmar, & Del Tredici, 2006; Braak & Braak,
1995), which is located in the rhinal sulcus found in anteromedial portions of the temporal lobe
(Figure 5: Stage I). From there, the pathology spreads (Figure 5, stage II-IV). But whether and
why this special sulcus structure in the MTL is affected during the earliest stage in AD is still
unknown.

(Braak et al., 2006)
Figure 5 The trans-entorhinal region between EC and PRC is called TEC in short.

1.2.2 Synaptic Pathology in AD
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AD is a progressive neurodegenerative disease characterized by insidious cognitive decline and
memory dysfunction. Region-specific degeneration and loss of synapses that precede neuronal
death is an early hallmark that differentiates AD from normal aging (West, Coleman, Flood, &
Troncoso, 1994). Furthermore, synapse loss in the hippocampus and association cortices serves
as a much stronger correlate of cognitive impairment in AD than do counts of amyloid plaques
or neurofibrillary tangles (Terry Robert et al., 2004). Synaptic pathology has been a key focus in
studies of AD (Koffie, Hyman, & Spires-Jones, 2011; Nelson et al., 2012).

Currently, regional presence of neuritic plaques and neurofibrillary tangles in the brain are the
two major pathological hallmarks that define AD (Serrano-Pozo, Frosch, Masliah, & Hyman,
2011). Positive correlations between the severity of involvement by those pathological
hallmarks and synapse loss have been observed in multiple brain areas at different stages of AD
(Serrano-Pozo et al., 2011). In the very early stages of AD, amnestic mild cognitive impairment
(aMCI) (Ronald, 2009), there is sprouting and expansion of pre-synaptic terminals, which is
followed by a 15-25% loss of synapses in the frontal cortex and limbic system (Masliah et al.,
1994; Stephen W. Scheff, Price, Schmitt, Scheff, & Mufson, 2011). Specifically, studies with
electron microscopy have demonstrated a significant reduction in synapse numbers in the CA1
subregion of the hippocampus and the inferior temporal cortex (Stephen W. Scheff, Price,
Schmitt, & Mufson, 2006; S. W. Scheff et al., 2013). In addition, decreases in dendritic proteins
PSD-95 and drebrin in the hippocampus and superior temporal cortex have been found by
recent studies (Counts et al., 2012; Pham et al., 2010; Sultana, Banks William, & Butterfield,
2009) while synaptophysin was relatively unchanged in these regions but reduced in the
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dentate gyrus and frontal cortex (Masliah et al., 1994). In more advanced forms of AD there is a
more severe loss of synapses in the neocortex and limbic system varying from 20-40% and
reviewed by (Stephen W. Scheff, Neltner, & Nelson, 2014).

Over the past 30 years, synapses and synaptic marker loss in post-mortem tissues from patients
with AD and control subjects became the analyzing focus of over 400 publications about this
single brain disorder (de Wilde, Overk, Sijben, & Masliah, 2016). However, there are no
systematic studies encompassing large samples. Alternatively, a recent meta-analysis study of
those publications reporting post-mortem synapse and synaptic marker loss from AD patients
has confirmed a consistent synaptic loss across brain regions and that molecular machinery
such as endosomal pathways are often affected (de Wilde et al., 2016).

Their quantitatively meta-analysis of synapse numbers included brain regions of hippocampus,
frontal cortex, and in the combined regions of the cingulate gyrus, entorhinal cortex, and
temporal cortex (C-E-T) was conducted using 22 references to evaluate the extent to which
changes in synapse numbers occurred in different brain regions that are affected in AD.
Remarkably, it revealed consistently lower synapse numbers in all those regions (please see ref
for the exact quantities). In summary, synapse numbers in the hippocampus were mostly
affected followed by the region of C-E-T, which confirmed that synaptic loss in those selected
brain regions is an early event in AD pathogenesis (de Wilde et al., 2016).
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The issue of specificity of synapse loss to AD has also been addressed in the recent review
paper (Stephen W. Scheff et al., 2014). It is important to notice synapse loss is probably not a
specific hallmark to AD but rather a change common to many diseases associated with
dementia (Stephen W. Scheff et al., 2014).

1.2.3 AD and Endosomal Transport
There are evidences and clues existed that endosomal trafficking is associated with AD (de
Wilde et al., 2016; Scott A. Small, Simoes-Spassov, Mayeux, & Petsko, 2017). Whether it acts as
a key role in AD and if so how has remained unclear. A recent study relied on recent genetic
and cellular findings has proposed that endosomal traffic jams in the early endosome can act as
an upstream pathogenic hub in AD (Scott A. Small et al., 2017).

Genetic studies have linked a growing number of genes involved in AD which can be grouped
into four main gene classes (Scott A. Small et al., 2017). Notably, rely on recent understanding
into the function of these genes along with their intraneuronal effects, those genes are either
directly or indirectly linked to endosomal traffic jams (Figure 6). Based on those genetic
findings, this work (Scott A. Small et al., 2017) proposed testable pathogenic model to AD, in
which the endosomal traffic jams act as a pathogenic hub.
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(Scott A. Small et al., 2017)
Figure 6 Endosomal traffic jam acts as the pathogenic hub in AD.
Genetic studies have shown that there are four main gene classes that are linked to AD. The
four gene classes are as follows: 1. Endosomal trafficking, 2. Cholesterol metabolism, 3. Immune
response and 4. APP processing. As outlined in the flow diagram in, the four gene classes
associated with AD are directly (1) or indirectly linked to endosomal traffic jams (2-4).

This work also suggested that traffic jams can act as a unified mediator of downstream
pathophysiology by mainly mediating synaptic neurotoxicity (Guntupalli, Widagdo, & Anggono,
2016; Hsieh et al.; Selkoe, 2002; Yasuda et al., 1995) and exosomal spread of disease (Figure 7)
(Polanco, Scicluna, Hill, & Götz, 2016; Rajendran et al., 2006).

(Scott A. Small et al., 2017)
Figure 7 Endosomal traffic jam can mediate AD pathophysiology.
There are two AD-relevant pathophysiological occurring as the consequences of the endosomal
traffic jams. (i) Reduction of glutamate receptor recycling that leads to synaptic dysfunction. (ii)
Increase in pathogenic exosomes that can advance anatomical spread of AD.
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1.2.4 Apply CBV-MRI to Pinpoint Vulnerable Brain Regions with Synapses Loss in AD Mouse
Models Having Retromer Dysfunction
Anatomical studies have pinpointed the specific subregions of the brain selectively vulnerable
to AD (Khan et al., 2014; S. A. Small et al., 2011). In addition, the recent meta-analysis has
confirmed that synaptic loss in selected brain regions (including EC) is an early event in AD
pathogenesis and is linked to defects in the endosomal pathways (de Wilde et al., 2016).
Moreover, genetic and cellular studies have identified endosomal trafficking defects as a cell
biological driver of AD (Scott A. Small et al., 2017).

However, it remains unknown whether and how endosomal trafficking links to anatomical
vulnerability. Our lab has tried to address these questions by investigating multiple mouse
models deficient in different components of retromer, a master conductor of endosomal
trafficking (Burd & Cullen, 2014), to deliberately introduce endosomal traffic jams in mouse
brain. Retromer is a multi-modular protein assembly and its central module serves as its ‘cargo
recognition’ core which plays an important role in endosomal trafficking (Burd & Cullen, 2014;
Scott A. Small et al., 2017). The trimeric core consisted of ‘Vacuolar Protein Sorting 35’ (VPS35),
VPS29 and VPS26, that all have been found in various organisms from human down to yeast
(Bonifacino & Hurley, 2008). Specifically, Vps26 is consist of two paralogs, Vps26a and Vps26b
(Collins Brett et al., 2007; Kerr et al., 2005) with later acts as a novel mammalian retromer
component. Studies have established that the distinct Vps26b - neuronal retromer is dedicated
to endosomal recycling (Wang & Bellen, 2015). Among several behavioral tasks to investigate
different subregions of the medial temporal lobe (MTL), one of the brain areas most vulnerable
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in AD: The Object-Context Recognition (OCR) performance was most sensitive to knocking out
(KO) Vps26b, which indicated the critical involved subregion of OCR – LEC (Wilson David et al.,
2013) is most affected region in the MTL of Vps26b KO mice.

While the behavioral analysis showed that the lateral entorhinal cortex (LEC) is most sensitive
to endosomal recycling defects, recent studies suggest that it itself is comprised of different
subregions, particularly along its dorsal-ventral axis (Boccara Charlotte et al., 2015).

As suggested from the results of the Specific Aim 1, CBV-MRI is a well suited noninvasive
imaging technique to map changes in synaptic density via its correlated basal energy
metabolism at the microscopic resolution (< 100 µm). We therefore turned to CBV-MRI to
further localize dysfunction by pinpointing abnormal changes in synaptic density. Young and
old Vps26b KO mice together with their WT littermates were imaged using CBV-MRI and relying
on the behavioral results tested for a genotype X age interaction. Details are discussed in the
Chapter 3.
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1.3 Specific Aim 3: Measuring Slow Changes in Functional Neurochemistry Using In Vivo 1HMRS
1.3.1 Functional Neurochemistry
Neurotransmitters are chemical substances that, by definition, allow communication between
neurons and permit most neuronal-glial interactions in the central nervous system. Glutamate
(Glu) and gamma-aminobutyric acid (GABA) are the major excitatory and inhibitory
neurotransmitters in the brain, respectively, and are likely involved in nearly all synaptic signal
processing functions of the normal brain as well as being altered in many brain disorders.

Glu and GABA homeostasis in the brain is maintained by its well-balanced release, uptake and
metabolism (Fabian C. Roth, 2012; Schousboe & Waagepetersen, 2005; Takahashi et al., 1997).
Glu, the most prevalent excitatory neurotransmitter in the brain, is “excitotoxicity” to neurons
(Schousboe & Waagepetersen, 2005). Glu released from the glutamatergic synapses therefore
must be rapidly cleared from the extracellular space to prevent excessive activation of the Glu
receptors (Bélanger & Magistretti, 2009). Similarly, the actions of GABA must be terminated by
its reuptake after its normal activation. Besides Glu reuptake by glutamatergic neurons and
GABA reuptake by GABAergic neurons; astrocytes, which have processes that envelop the
synapses, largely carry out this function (Bélanger & Magistretti, 2009). They take up the Glu
and GABA from the extracellular space and convert it to Gln. In return, astrocytes release Gln to
be taken up into neurons for use as a precursor to the synthesis of glutamate or GABA (Bak
Lasse, Schousboe, & Waagepetersen Helle, 2006). Since neurons are unable to synthesize either
the neurotransmitter glutamate or GABA from glucose, the Glu/GABA-Gln cycle working
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between neurons and astrocytes is the key to maintain Glu and GABA homeostasis in the
normal brain (Bak Lasse et al., 2006). Effective brain and behavior function depends on a
carefully orchestrated balance of inhibition and excitation in the brain which is dependent on
the actions of Glu and GABA. Imbalances in the regulation of Glu and GABA homeostasis within
key brain structures are thought to underlie many brain disorders, and for this reason there is
considerable interest in investigating how slow changes in regional neurotransmitter baseline
levels relate to brain disorders (Agarwal & Renshaw, 2012; Novotny Edward, Fulbright Robert,
Pearl Phillip, Gibson, & Rothman Douglas, 2003).

1.3.2 In Vivo 1H-MRS and MEGA-PRESS Spectral Editing
MRI can provide exquisite detail of anatomical information, specific properties of brain and
brain function, but current MRI methods are not capable of imaging the functional
neurochemistry in brain (i.e., concentrations of neurotransmitters). In vivo magnetic resonance
spectroscopy (MRS) is a non-invasive brain imaging method that can explore metabolic
concentrations within certain brain regions to obtain information of brain functional
neurochemistry. MRS detects radiofrequency signals generated by the magnetic nuclear spins
of magnetically active nuclei such as protons, phosphorus, carbon and ﬂuorine, which are
excited by external magnetic ﬁelds. Compared with other nuclei, proton nuclei ( 1H) are widely
used in MRS studies because of their high magnetic sensitivity and natural abundance in
tissues.
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1

H-MRS can detect the concentrations of GABA and Glu using a variety of techniques (Choi, Lee,

& Shen, 2005; Hu et al., 2007; Jensen, Frederick Blaise de, Wang, Brown, & Renshaw Perry,
2005; Mekle et al., 2009; Mescher, Merkle, Kirsch, Garwood, & Gruetter, 1998; Rothman,
Petroff, Behar, & Mattson, 1993; Ryner, Sorenson, & Thomas, 1995; Thompson Richard & Allen
Peter, 2001). 1H-MRS measurements of Glu and GABA are sensitive to their total concentration
changes (i.e., metabolic, intracellular, and together with extracellular). Total concentration
changes in these molecules due to defective synthetic machinery, receptor expression, or
errors in their degradation and metabolism are accepted causes of several neurologic disorders
(Agarwal & Renshaw, 2012; Martin, 2007; Novotny Edward et al., 2003). Knowledge of changes
in neurotransmitter concentrations in the brain can add useful information in making a
diagnosis, helping to pick the right drug of treatment, and monitoring patient response to drugs
in a more objective manner.

However, despite these encouraging results, reliable spectroscopic quantitation of Glu and
GABA simultaneously using

1

H-MRS can be challenging due to their relatively low

concentrations and overlapping with other compounds that have more intense signals (de
Graaf & Rothman, 2016; Novotny Edward et al., 2003) as well as the common spectral drift
problem routinely observed in the acquisition (de Graaf & Rothman, 2016; Guo et al., 2017;
Mullins et al., 2014; Near et al., 2015; O'gorman, Michels, Edden, Murdoch, & Martin, 2011;
Savorani, Tomasi, & Engelsen, 2010). Specifically, GABA must be measured using a special
editing pulse sequence to separate the GABA proton signals from these others (de Graaf &
Rothman, 2016; Novotny Edward et al., 2003).
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To deal with the low concentration and metabolic overlapping issues, spectral editing method
such as MEGA-PRESS technique (Mescher et al., 1998; Rothman et al., 1993) provides a
promising approach for the discrimination of GABA and Glu+Gln (Glx) signals from metabolites
with similar chemical on the basis of differences in their scalar coupling. Recently, MEGA-PRESS
has already become a most widely used MRS technique for in vivo detection of GABA
(simultaneously with Glx) in humans (Mullins et al., 2014), largely due to ease of
implementation within pre-installed PRESS sequences on the MR scanner and the distribution
of a research sequence by the major vendors.

To deal with the frequency and phase drift problem occurred in MRS acquisition, frequency and
phase correction of the MEGA-PRESS spectra is beneficial as it improves line width in the
averaged spectrum and can reduce or remove subtraction artefacts in the edited spectrum
caused by frequency and phase instability (Edden, Puts, Harris, Barker, & Evans, 2014; Guo et
al., 2017; Mullins et al., 2014; Near et al., 2015). The typical approaches used for drift correction
are based on a single metabolite peak, where a high-signal-to-noise peak is fitted to determine
the frequency and phase corrections to be applied to each individual spectrum across the entire
acquisition. The potential candidates are the residual water peak, unsuppressed water peak
from the interleaved navigator and the Creatine peak. An additional benefit of frequency and
phase correction is the possibility of using the level of frequency shifts to exclude scans with
poor editing efficiency confounded by excessive subject motion.
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Thanks to the recent implementation of standard pulse sequences and processing algorithms,
1

H-MRS spectral editing of GABA and Glx with MEGA-PRESS is seeing increasing popularity in

human studies (de Graaf & Rothman, 2016; Edden et al., 2014; Mescher et al., 1998; Mullins et
al., 2014). Nevertheless, in small animal studies, mouse models continue to play a significant
role in the scientific investigation of brain disorders. However, unlike for human studies, there
has been a lack of similar standardization for animal studies. As yet, MEGA-PRESS had never
been published on any in vivo mouse studies at the moment. With the continued development
of transgenic mouse models of human brain disorders, there is an increasing need to measure
and analyze edited MR spectra in mice routinely. There are several factors that have limited in
vivo MEGA-PRESS studies in mice, including the small size of the mouse brain, increased
respiratory motion and main magnet field drift (which can interfere with the editing sequence),
the impact of anesthesia on brain metabolites (which can obscure the pathological changes
being studied) and the lack of automated spectral processing and quantification software.

In the present study, we evaluated the feasibility and utility of MEGA-PRESS at 9.4 T for the
detection of GABA and Glx content in the mouse brain (Guo et al., 2017). Sensitivity limitations
were addressed through the use of a 9.4T animal magnetic resonance imaging (MRI) system.
MEGA-PRESS was implemented on the 9.4T animal MRI system according to well accepted
sequence schemes proposed previously (de Graaf & Rothman, 2016; Mescher et al., 1998). The
implemented sequence was first tested with phantom studies, which achieved high spectral
quality and nearly optimal editing efficiency. To deal with spectral drift issues related to motion
and main magnet field drift in MEGA-PRESS acquisition, we implemented a novel approach for
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automatic frequency and phase drift correction, as well as spectral quality determination. We
showed our approach provided an effective method for frequency and phase drift correction
and outperformed the typical single peak-based correction method. Our approach does not
require the addition of an interleaved water navigator to the MEGA-PRESS sequence and does
not rely on any specific metabolite peaks. All the corrections can be done in a fully automated
fashion.

We then examined the effect of isoflurane on GABA levels in the mouse thalamus to further
validate the successful implementation of MEGA-PRESS for in vivo mouse brain studies as well
as the analytic tools of the MR spectra. Our studies replicated findings from previous small
animal studies (Vanini, Watson, Lydic, & Baghdoyan, 2008; Watson, Lydic, & Baghdoyan, 2011)
which have shown that the GABA level is affected during anesthesia; compared with
wakefulness, the GABA level was decreased significantly in the brain.

1.3.3 In Vivo MEGA-PRESS and Glutamate Abnormality in Prodromal Schizophrenia
Finally; we investigated the translational capabilities of applying our automated analytic MRS
tools in clinic, by identifying glutamate abnormalities in the brains of patients in the prodromal
stages of schizophrenia (SCH) with MEGA-PRESS pulse sequence.

SCH and its related psychotic disorders have long been thought to have a prodromal stage.
Clinical criteria have been developed in an effort to capture this ‘prodromal psychosis’ stage
and are primarily characterized by patients having attenuated psychotic symptoms (Fusar-Poli,
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Borgwardt, Bechdolf, & et al., 2013; Miller et al., 2003).

To date, there are three validated pathophysiological hallmarks of hippocampal dysfunction in
psychotic disorders, and MRI techniques are able to capture all three. The first is hippocampal
atrophy, and structural MRI has documented that atrophy occurs first and foremost in the CA1
region of the hippocampal circuit (Kalmady et al., 2017; Ota et al., 2017; Sauras et al., 2017;
Zierhut et al., 2013). Hippocampal CA1 hypermetabolism is the second hallmark (Sauras et al.,
2017; Schobel et al., 2009; Talati et al., 2014), which can be examined through CBV-MRI. The
third pathophysiological hallmark of hippocampal dysfunction in psychosis is high hippocampal
glutamate, which can be estimated in vivo using MRS (Kraguljac, White, Reid, & Lahti, 2013).

Focal hippocampal hypermetabolism and hippocampal atrophy have been found in both the
prodromal and psychotic stages of schizophrenia (Schobel et al., 2009; Talati et al., 2014).
Evidence for high hippocampal glutamate, however, has only been reported in the psychotic
stage of disease (Kraguljac et al., 2013) and has not yet been examined in the prodromal stage.
Nevertheless, recent studies in animal models suggest that high hippocampal glutamate acts as
the upstream driver of hypermetabolism, and ultimately over time, of atrophy (Schobel et al.,
2009). We hypothesize, therefore, that high glutamate should be observed in some patients
with attenuated psychotic symptoms.

To test our glutamate hypothesis, in our recently completed 6-year human study of attenuated
psychosis, glutamate level has been examined carefully using readily available MEGA-PRESS
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technique in the clinical setting. To detect hippocampal glutamate abnormalities, clinical MRS
scans were acquired in a large number of patients with attenuated psychotic symptoms and
controls. We then applied our optimized analytic MRS tools proposed in the previous session to
detect the evidence of high glutamate in the human hippocampus.

Details of this section are provided in Chapter 4.
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2 Chapter 2: Specific Aim 1
2.1 Purpose
The purpose of the Specific Aim 1 is to describe the ways to adapt and optimize CBV-MRI and
developed the novel post-acquisition analytic tools to map slow functional changes that reflect
synaptic density changes in the mouse brain.

2.2 Materials and Methods
2.2.1 Generating CBV Map in Mice
A.

Background

As firstly proposed in 2006 by our lab (Moreno et al., 2006), mouse CBV was mapped according
to changes in the transverse relaxation rate (∆R2) induced by Gadodiamide intraperitoneal (IP)
injection. Instead of a fast pass of the contrast bolus observed with intravenous (IV) injection, IP
injection provides a continuous Gadodiamide perfusion in the brain characterized with a
relatively long steady-state or saturation-state (SS) which makes it possible to acquire high
spatial resolution CBV maps in vivo. This SS contrast enhanced (SS-CE) technique was developed
with contrast agent (CA) that remains confined to the vascular space during the measurement
in the presence of an intact blood brain barrier. When the CA reaches a uniform distribution,
then the ∆R2 is modeled as Equation 1 by calculating the difference between the pre-contrast
baseline T2-weighted image and the post-contrast T2-weighed image acquired at the stabilized
SS. Assuming a linear relationship between ∆R2 and the CA concentration (Equation 2)
(constant 𝑟𝑡𝑖𝑠𝑠𝑢𝑒 is assumed to be the same for the whole brain (Kjølby, Østergaard, & Kiselev,
2006), CBV can be modeled as the blood volume fraction (Willats & Calamante, 2013) (𝐵𝑉𝑓)
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which is calculated at the SS as shown in Equation 3 (illustrated in Figure 8). Typically, CBV was
derived by normalizing ∆R2 to the mean ∆R2 signal present in the posterior cerebral artery
(SCA), as delineated by a blinded rater.

𝑇𝑖𝑠𝑠𝑢𝑒
∆𝑅2𝑆𝑆
=

𝐶𝑇𝐶𝑆 =
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Figure 8 Mapping CBV using ∆R2 in the brain with intraperitoneal injection of Gadodiamide.
Representative illustration of CBV calculation using the concentration-time-curve (CTC)
derived from the changes in the transverse relationship rate (∆R2). CTC of the artery is
referred as the arterial input function (AIF). Voxel in the artery is filled up with blood thus can
be used as the internal blood volume reference with its CBV treated as 100%. As shown in the
figure, CBV is calculated as the blood volume fraction (with CA concentration in the artery as
the denominator) at the saturation-state (SS), by assuming a linear relationship between the
blood volume and the contrast-agent concentration in each voxel.

T2-weighted changes are more sensitive to microvasculature CBV and less sensitive to
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macrovasculature CBV (Moreno et al., 2006; Weisskoff, Zuo, Boxerman, & Rosen, 1994) . Since
microvasculature CBV is more tightly coupled to neuronal metabolism, T2-weighted changes
provide a more accurate measure for the purposes of mapping slow changes in brain function.

B.

Mapping CBV at the Microscopic Resolution

We first evaluated the previous CBV imaging protocol on the new Bruker BioSpec 94/20 USR, a
multipurpose high field MR scanner for both MRI and MRS in preclinical research, to see if there
are rooms to improve the imaging protocol.

Figure 9 Bruker 9.4T preclinical small animal MR scanners.
A. Our old small animal 9.4T nuclear magnetic resonance (NMR) system versus B. The current
preclinical small animal 94/20 ultra-shielded and refrigerated (USR) scanner

The new preclinical system has a number of advantages and updates (Figure 9). First, a zero
boil-off (ZBO) and ultra-shielded refrigerated (USR) superconducting magnet is integrated as
the core component of this new 94/20 system. The ZBO-USR system allows essentially
unlimited normal operation without need for helium refill. Second, it has an upgraded gradient
system with the highest power strength at 660 mT/m, highest slew rate at 4570 T/m/s and
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highest shimming order up to the 3rd order. Third, a more sensitive and homogenous birdcage
RF-coil designed for investigation on the entire head of a mouse is equipped with the scanner.
This 1H circularly polarized 23mm inner diameter mouse head volume coil has both transmit
and receive capabilities and is equipped with a fully integrated automatic tune and match
system. Moreover, the horizontal setup makes it easier for animal preparation and animal
physiological monitoring comparing to the vertical system.

The success of measuring layer-dependent functional architecture depends on the quality of
the CBV-MRI images. First, we need three-dimensional scans that evenly and fully to capture
the whole cortical structure. Second, we need sufficient resolution to capture different
information of the cortical laminar structures. For example, if the thinnest layer is of the order
100-150 µm, then we require voxel sizes of at least 50-75 µm. Moreover, sufficient contrast
between the gray matter, white matter, and CSF is necessary to ensure accurate tissue
segmentation and image registration.

With those requirements in mind, a new T2 RARE sequence for CBV mapping of the mouse
brain has been set up with TR/TE=2500/45, RARE factor=16, in-plane resolution 60 µm, slice
thickness 200 µm, pre-contrast image SNR=25 and CBV CNR=10. T2-weighted images were
acquired before (as the pre-scan) and 42 min after (as the post-scan) IP injection of the
Gadodiamide at the dosage of 10 mmol/kg. CBV map was generated as described in 2.2.1-A.
Here are the parameters of our old CBV scans, in-plane resolution 86 µm, slice thickness 500
µm, pre-contrast image SNR=15 and CBV CNR=6. In comparison, our new scans have 4 times
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the spatial resolution, 1.67 times the SNR and 1.33 times the SNR as before with SNR=25 and
CNR=8 (Figure 10). This new imaging protocol successfully achieved the microscopic resolution
with the effective isotropic resolution smaller than 100 µm.

Figure 10 Comparing old MRI scans versus the new MRI scans.
Pre-contrast T2-weighted images on the left and the CBV maps on the right.

C.

Large Vessel Filtering of CBV Maps

Our CBV-MRI imaging protocol provides contrast for all vasculature in the brain, however, only
microvasculature CBV is tightly coupled to neuronal basal metabolism. Values from the large
vessels can play as an unwanted confound factor thus should be filtered out prior to CBV
analysis and comparation between animal groups.

In this part, in order to filter large vessels I implemented and tested a macrovessel filtering
algorithm using the Expectation-Maximization Gaussian mixture model (EM-GMM), based on
the prior knowledge of the underlying vascular anatomy and the real experimental
observations - macrovessel has the highest CBV throughout the whole brain while brain regions
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enriched in capillary have much lower CBV.

Figure 11 shows images acquired using T2 RARE and time-of-flight (TOF) angiography images
acquired from the same field of view with identical geometry and orientation.

T2

T2&TOF

TOF

3D Model

Figure 11 Time-of-flight (TOF) MR angiography.
Scans of T2 RARE and TOF were acquired from the same field of view with the same geometry
and orientation. The macrovessel regions segmented from the TOF scan can be further
applied to the CBV map (derived from the T2 scans) to examine CBV distribution in the large
vessels. 3D-rendering results were generated using 3D Slicer (http://www.slicer.org) (same for
other 3D figures as well).

T2-weighted images were acquired before and 42 min after IP injection of the Gadodiamide at
the dosage of 10 mmol/kg. Two additional post contrast scans were acquired to capture the
dynamic concentration-time-curve (Figure 12). T2-weighted images were acquired to cover the
mouse cortex with a RARE sequence (TR, 2,500 ms; TE, 45 ms; RARE factor, 16; in plane
resolution, 50 µm; slice thickness, 250 µm). To localize large vessels so that we can examine the
differences in CBV distribution between large vascular and brain tissue, a TOF scan was
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acquired before IP injection of CA with the same orientation, geometry and field of view as the
baseline T2 scan (Figure 12).
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Figure 12 CBV results of different regions in the brain.
The CBV map C. was generated by taking the logarithm transformed of the ratio between the
T2-weighted pre-contrast image intensity A to its corresponding post-contrast intensity B
voxel by voxel. D. Three regions of the macrovessel (i.e., ICA, PCA, SS) were defined from the
TOF scan and ROIs of the whole brain and the hippocampus were generated from the baseline
T2 anatomy scan. E. ROI analysis showing large vessels have much higher CBV compared to
the brain tissue.
(ICA, internal carotid artery; PCA, posterior cerebral artery; SS, sagittal sinus; HC,
hippocampus.)

As previously described, CBV was mapped according to changes in the transverse relaxation
time (∆R2) induced by gadolinium injection. CBV was derived by normalizing ∆R2 to the mean
∆R2 signal present in the SCA, as delineated by a blinded rater. Three CBV values were
calculated for each voxel using the same pre-scan and three different post-scans acquired at 70
mins at 42 mins, 70 mins and 98 mins after the injection respectively.
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CBV images were first skull stripped to yield whole-brain volumes using an automatic rodent
brain extraction algorithm based on 3-D pulse-coupled neural networks (PCNN), as described
previously (Chou et al., 2011; Khan et al., 2014).

CBV values of different regions in the brain were generated including three brain arteries, the
bilateral hippocampus and the whole brain, as shown in Figure 13. Large vessels (i.e., the
arteries) have the highest CBV across the whole brain.
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Figure 13 Large vessel filtering of CBV map using the Expectation-Maximization Gaussian
mixture model (EM-GMM).
A CBV map (blue) can be modeled as the integration of microvascular CBV (red) and large
vascular CBV (green). B Microvascular and large vascular CBV maps were generated by
decomposing the “whole” brain (without olfactory bulb and cerebellum) CBV (blue) into two
Gaussian distributions, one has smaller mean and variance (red) while the other one has
larger mean and variance (green). C. 3D-rendering result showing the segmented macrovessel
results (red) overlaid with the brain mask (gray), which clearly displays the well-known large
vessels in the brain (i.e., cortical surface superficial vessels, PCA, SS).
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A consistent bimodal distribution was observed in the CBV intensity distribution in the mouse
brain mapped with ∆R2 across subject. We used EM-GMM to decompose this distribution into
two separate Gaussian distributions which we assume to represent the microvasculature and
large vessels respectively. Once the mean and variance of each vessel type is known, voxels in
the CBV map can be classified based on its CBV intensity (Figure 13). Result of the segmented
large vessels can be further validated by comparing its structure with the known vascular
anatomy (i.e., the angiography generated with TOF).

By removing the unwanted confound macrovessel components; macrovessel filtering clearly
improved the ability of using CBV to map functional architectures in vivo as shown in Figure 14.

Figure 14 Group-wise averaged CBV maps generated from 10 WT C57/6BJ mice.
A CBV (1st image) is decomposed into the large vessels (2nd) and the microvascular CBV (3rd).
Large vessel filtering clearly improved the ability of using CBV to map functional architectures
in vivo. For an easier view of the architectures, microvascular CBV map is displayed as a
surface plot (4th) where height represents intensity. We looked at three regions particularly
with well-known architectures (denoted by the arrows). B Cellular layers of hippocampus
(yellow arrow). C. Ventrobasal complex of thalamus. D. Layer-IV of the barrel field in the
somatosensory cortex showing modules connected to whiskers.
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This proposed method employed a single subject CBV macrovessel filtering algorithm based on
the EM-GMM. Large vessels can be separated from the brain tissue successfully. Additionally, I
have verified that the segmented macrovessel results through a 3D visualization examination
and comparing it to the corresponding TOF angiography. Moreover, when removing
components from large vessels, the filtered CBV maps can better distinguish different
functional architectures in the brain.

When examining CBV between mouse models, values from the unwanted macrovasculature
should be excluded, otherwise they may result in findings that are not associated with the basal
neuronal metabolism mapped by microvascular blood volume. The proposed method provides
an automated and robust approach to estimate the CBV distribution in large vessels with the
maximum likelihood and to help filter out this unwanted confound factor. In our CBV
processing and analysis pipeline, as one of the new preprocessing steps, macrovessel filtering
could help improve both sensitivity and specificity when comparing CBV between different
subjects in a group study or between multiple sessions in a longitudinal study.

D.

Co-registration of CBV Volumes

After generating the CBV 3D data as described above. CBV volumes were first skull stripped to
yield whole-brain volumes using an automatic rodent brain extraction algorithm based on 3-D
pulse-coupled neural networks(Chou, Wu, Bai Bingren, Qiu, & Chuang, 2011) (PCNN).
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Gadolinium enhanced MRI (GEMRI) images were also generated from the brain region for each
animal as the complement of the image median calculated using all three T2-weighted images
(i.e., the CA free pre-contrast image and two post-contrast T2-weighted images). GEMRI images
show sufficient contrast between the gray matter, white matter, and CSF with enhanced
microvascular architectures and a better SNR compared to each individual MRI scans. GEMRI
brain volumes were co-registered into a group-wise template space using ANTS (Avants et al.,
2011). From the image registration, a population average was created through an iterative
process, averaging many brain scans over multiple cycles. This process was repeated for
multiple rounds, first globally (affine registration) and then locally (deformable registration),
each round generating a better average template and more precise alignment of individual
brains. This iterative process was bootstrapped by 12-parameter affine registration of
specimens to the template created as the population median image. The registration template
effectively provides initial orientation and size information to this process. To create a
symmetric average, each volume was flipped across the mid-sagittal plane and the flipped
specimens were used as additional input to the averaging process. All individual volumes were
registered and averaged to create the in vivo MRI template. Second, the templated image
generated through global registration was refined using local alignment of all the registered
individual GEMRI images from the previous step. The local registration was achieved using
ANTS with a diffeomorphic deformation model (Avants et al., 2011). Since each individual CBV
image was generated in the same subject space as the GEMRI image, the readily optimized
registration transformations can be applied directly on the CBV scans to form an averaged brain
CBV template.
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2.2.2 MouseStream - An Analytic Pipeline for CBV-MRI Brain Mapping in Mice
The MRI scans of the mouse brain are 2-D slices through a convoluted 3-D object. Depending on
the relative orientation of the slices with respect to the brain, it is impossible to deduce
information reflect the anatomical structure of cortical columns (i.e., thickness, CBV and etc.)
without additional information from neighboring slices. We approach the problem by applying
Laplace’s Equation from mathematical physics. The volume of the cortex is defined as the
domain for the solution of the partial differential equation, with separate boundary conditions
at the gray-white matter junction and the gray matter-CSF junction. Normalized gradients,
solved within the domain using the boundary conditions, form a vector field and the equally
spaced ‘equipotential’ surfaces at various cortical depths. This vector field contains tangent
vectors along the streamlines connecting both boundaries. We define the cortical thickness at
any point on the outer cortical surface to be the total path-length along such streamlines, as
proposed previously in literature. We can also define the depth dependent cortical CBV at any
point on the outer cortical surface to be the averaged CBV interpolated along such streamlines
within a certain depth range. The thickness result is stored as a thickness map over the cortex
outer surface and the CBV result generated from a certain depth is stored as a CBV map over
the cortex outer surface. Besides mapping spatial structural-functional architecture using in
vivo MRI brain CBV scans, the same approach can be easily applied on the ex vivo 3D scans of
fixed brain specimens for other information, such as the depth dependent cortical neuronal
density using EGFP-labelled axons. Key advantages of this method are that it is fully threedimensional, and the extracted cortical information is uniquely defined for any point in the
cortex. We present graphical results that map cortical thickness, CBV and neuronal density
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everywhere in the normal mouse cortex. Results show both global and local variations in
cortical thickness and CBV mapped in vivo consistent with known neuroanatomy mapped ex
vivo (S. W. Oh et al., 2014).

The algorithm implemented in MouseStream consists of five steps: brain registration, cortex
segmentation, cortical surface construction and statistical analysis (among experimental
groups) and cortical surface flattening (optional).

The core of this approach lies on image registration and Laplacian-PDE based cortical surface
construction.
The image registration is categorized into two phases. In Phase-I, MRI volumes of multiple
subjects were co-registered into a group-wise template space using an inverse-consistent
diffeomorphic co-registration algorithm implemented in ANTS (Avants et al., 2011)(). CBV
values from each subject are approximated with cubic-spline interpolation during image coregistration. A population average template image was created by iteratively averaging the
registered and resliced/interpolated brain scans. In Phase-II, an ex vivo MRI T2*-weighed 3D
atlas (J. Ullmann et al., 2014; J. F. Ullmann, Watson, Janke, Kurniawan, & Reutens, 2013) was
then registered to the in vivo brain template by maximizing the mutual information of large
structure

annotation

and

the

template

intensity

using

ANTS

(http://www.picsl.upenn.edu/ANTS/). Phase-II provides annotations of the cortical subregions.
Different from the case in preserving the subject CBV information during registration Phase-I,
the cortical thickness is deformed and the deformation quantity of the thickness of each point
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on the cortical surface cannot be easily obtained, so that the thickness information of each
individual subject is lost. Instead of generating the thickness map in the template space, cortical
atlas for each individual subject in the native imaging space is generated by warping the
template atlas to the subject space using the transformation calculated from Phase-I. The
individual atlas is necessary for cortex segmentation and boundary definition of each subject in
the native space, so that the true structural information can be captured. Otherwise, manually
labeling of the in vivo 3D brain images will be highly labor intensive, inaccurate and causes
unnecessary variance between subjects.

In the Laplacian-PDE based method: the thickness is defined as the length of streamlines
crossing cortical layers in perpendicular; the depth-specific CBV values are derived by averaging
the numerical CBV values interpolated along each streamline within a cortical layer
(characterized with certain depth-range). Due to the lack of anatomical information, the cortical
layers are mathematically derived ‘equipotential’ surfaces from Laplacian vector field. Since the
vector field is determined by its boundary condition, it is important to define appropriate
boundary conditions in order to create analogous to anatomical layers. The boundary
conditions are defined from the cortical atlas which is discussed in the following method
section.

The thickness is assigned at each voxel of the segmentation of the image at the outer cortical
surface across each subject in the native space which can be further warped to the template
space with nearest-neighbor interpolation. The CBV is assigned at each voxel of the
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segmentation of the image at the outer cortical surface across each subject in the co-registered
template space. Those measurements across each subject and depths in the template space
can be compared at the single voxel level or the ROI level in different regions with statistical
analysis.

The relatively smoothed mouse cortical surface (i.e., without sulci and fissures structures) can
be further warped to improve visualization by flattening the curved surface while
approximately conserving relative cortical surface areas (Fischl, Sereno, & Dale, 1999), so that
the measurements or the statistical results from the whole cortical surface areas can be
displayed in the same view and become easier to interpret on a 2D Euclidean space.

A.

Animals

The animals studied consisted of 21 healthy adult male wild‐type C57BL/6 J mice (age, 3-4
months; body weight, 24 ± 5 g).

B.

Generate CBV Template as the Population Average

As previously described, CBV was mapped according to changes in the transverse relaxation
time (∆R2) induced by gadolinium injection. CBV was derived by normalizing ∆R2 to the mean
∆R2 signal present in the SCA, as delineated by a blinded rater. Three CBV values were
calculated for each voxel using the pre-scan and post-scan acquired at 70 mins after the
injection to ensure the highest CBV contrast.

42

CBV images were first skull stripped to yield whole-brain volumes using an automatic rodent
brain extraction algorithm based on 3-D pulse-coupled neural networks (PCNN), as described
previously (Chou et al., 2011; Khan et al., 2014). As previously described, CBV images were
generated with brain extraction, macrovessel filtering, isotropic up-sampling and co-registered
into a common template space.

C.

Cortex Segmentation

In order to reconstruct cortical information from volumetric images, the segmentation of the
cortex, boundary definition, and construction of cortical surface are performed. Of the variety
of available segmentation algorithms, we used atlas-based segmentation algorithm involving
nonlinear deformation registration to extract the cortex from the MR images due to the
following reasons. 1. Atlas-based segmentation is widely used in brain structure segmentation.
2. Atlas-based segmentation provides implicit correspondence between groups of subjects,
which provides a good initialization for the correspondence optimization step. 3. Atlas-based
segmentation allows the propagation of additional structural information (such as the boundary
definitions discussed in the next section) to each subject. 4. Implicit correspondence is a useful
property when comparing features between groups and the availability of automatic
propagation reduces the need for tedious manual work that would otherwise be necessary to
obtain additional structural information. An ex vivo MRI T2*-weighed 3D atlas (J. Ullmann et
al., 2014; J. F. Ullmann et al., 2013) was deformately registered to the in vivo brain
template/atlas by maximizing the mutual information of large structure annotation and the
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template intensity using ANTS. Atlas to atlas registration was done using mincANTS
(http://www.picsl.upenn.edu/ANTS/).

Figure 15 Co-registered ex vivo and in vivo brain atlas.
A. The ex vivo MRI T2*-weighed 3D brain template image and its corresponding label map
warped to our in vivo template space. B. Our in vivo GEMRI 3D brain template image and its
corresponding label map warped form the ex vivo atlas. C. The annotations of the cortical
subregions included in the label map.

Boundary Definition In addition to the segmentation of the cortex, the definition of inner and
outer cortical surface boundary condition is required in order to define cortical thickness. This
boundary definition is provided as a label map assigning different labels to inner and outer
boundary voxels.
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D.

Generate In Vivo Thickness and Depth-dependent CBV Maps

Thickness and Depth-specific CBV computations are done on the label map generated from the
registration Phase-II described in the previous section. The label map consists of three labels:
inner and outer boundary domain, and the cortical gray matter (GM) domain where thickness
and depth-specific CBV measurements are assigned (Figure 15).

As illustrated in Figure 16, a Laplacian vector field is firstly generated between the outer
boundary and the inner boundary using a simple and robust computational method (Press,
Flannery, Teukolsky, & Vetterling, 1988). This Laplacian vector field creates nested sublayers
between inside and outside boundaries of the GM in the cortex which can be viewed as an
analogy to the cortical layers (Figure 16-F).

Streamlines were then generated in the vector field staring at each voxel on the outer cortical
surface using MATLAB function ‘streamline’, and each streamline was up-sampled with 100
points (Figure 17-C). As mentioned previously (Jones, Buchbinder, & Aharon, 2000), the
mathematical formalism of Laplace’s field and the streamline, there are several properties are
mathematically guaranteed to occur. (1) Laplace’s field is three-dimensional and is independent
of the coordinate system. (2) The streamlines can never cross nor bifurcate in our application to
the cortex because the volume is bounded by two surfaces, which are continuous and enclosed.
(3) Any voxel points on the outer cortical surface maps to a point on the inner cortical surface,
and vice versa, so reciprocity is automatic. From this follows two important corollaries: Every
point on the outer cortical surface is guaranteed to have a unique streamline ending at some
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point on the inner cortical surface, and any and every point one the streamline has a unique
streamline going through it, connecting a unique pair of points on the cortical surfaces. (4)
Every streamline can be associated with its path length. The streamline path-length can be
defined as the sum of straight-line distances between the cortical surfaces. (5) Every point on
each streamline can be associated with its distance to the outer cortical surface. And the point
distance can be defined as the sum of straight-line distances between the point and its
corresponding voxel on the outer cortical surface. (6) Properties 4 and 5 together can generate
a cortical depth map where the depth at each point on the streamline is calculated by
normalizing it distance to the streamline path-length, which falls into the range between 0 (at
the boundary voxels on the outer cortical surface) to 1 (at the corresponding points on the
inner cortical surface). (7) The value of the path-length along a streamline is constant.

46

Figure 16 Generating the Laplace field with iteratively local smoothing.
A. The warped ex vivo cortical label map in the in vivo CBV template space. B. The cortical
labels generated by merging cortical regions in each hemisphere. C. The boundary conditions
to define the valid cortical region in each hemisphere: blue=1 (inner boundary), red=100
(outer boundary), black =0 (the cortical region). The Laplace field (T) is generated with an
iterative approach ( 𝑇𝑖+1 = 𝐴 ⋆ 𝑇𝑖 ⨂𝑤 + 𝐵 ⋆ 𝑇𝑖 ) to achieve the following condition,
𝜕2 𝑇
𝜕𝑥 2

𝜕2 𝑇

𝜕2 𝑇

+ 𝜕𝑦 2 + 𝜕𝑧 2 = 0. There are two steps in each iteration: 1. locally smoothing, 2. resetting

the boundary conditions. In the first iteration, image showing in C (𝑛𝑜𝑡𝑒𝑑 𝑎𝑠 𝑇0 ) is firstly
locally smoothed by convolving with a 3x3x3 averaging kernel (𝑛𝑜𝑡𝑒𝑑 𝑎𝑠 𝑤), and then only
the red and blue regions in C are reset to their original values (𝑇1 = 𝐴 ⋆ 𝑇0 ⨂𝑤 + 𝐵 ⋆ 𝑇0 ,
where A is the mask of the cortical region and B is the mask of the red and blue regions). The
output of each iteration is used as the input for the following iteration. D. Result after 10
iterations. E. Result after 500 iterations. F. The final result is generated as a numerical
solution of the Laplace field (of the right cortex) with iteratively local smoothing - the black
region as shown in C. G. In total, 1000 iterations are used for cortex in each hemisphere to
ensure the enough smoothness of the field is achieved, which is indicated by the mean
squared error (MSE) between the results of the last two iterations. We choose MSE=10−5 as
the stopping criteria.
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In our application, the thickness is defined as the total streamline length at the boundary voxels
(Figure 17-D). And the CBV value of each point on streamline is numerically approximated by
cubic-spline interpolation from CBV values sampled from its neighboring voxels. The depthspecific CBV is defined as the mean CBV interpolated along each streamline bounded by a
certain depth-range (Figure 17-E).

Figure 17 Generating the streamlines and deriving the cortical thickness and depth-dependent
CBV.
A. The Laplace field of the right-side cortex showing in a 2D slice. B. The 3D view of the same
slice in A. C. Streamlines generated from the points on the right-side cortical surface. D. The
cortical thickness at each point on the cortical surface is calculated as the total path-length of
the corresponding streamline. E. The cortical depth-dependent CBV at each point on the
cortical surface is the average of interpolated CBV values along each corresponding
streamline in a specific depth-range.

E.

Generate Ex Vivo Depth-depended Neuronal Density Maps
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The anatomical template of CCF v3 is a shape and background signal intensity average of 1675
specimens from the Allen Mouse Brain (ABA) Connectivity Atlas (S. W. Oh et al., 2014).
Specimens in the Allen Mouse Brain Connectivity Atlas were imaged using a customized STP
tomography system, which couples high-speed two-photon microscopy with automated
vibratome sectioning. STP tomography yields a series of inherently pre-aligned images
amenable for precise 3-D spatial mapping of neuronal density through EGFP-labelled axons
throughout the brain. ABA atlas was deformably registered to the in vivo brain template by
maximizing the mutual information of large structure annotation and the template intensity
using mincANTS (http://www.picsl.upenn.edu/ANTS/). Depth-depended neuronal density is
defined as the average of EGFP intensity interpolated along each streamline within a certain
depth-range and is presented at the voxels on the outer cortical surface.

F.

Introduction of the Normalized Cortical Surface Coordinate (NCSC)

A surface coordinate system is used to compare population-averaged cortical thickness, CBV or
neuronal density generated from the template space. The following procedure is used: 1. The
Laplace field and streamlines are constructed in the template space. 2. The cortical thickness is
mapped at the voxels on the outer cortical surface as described previously using the streamline
path-length in the template space. 3. The cortical averaged or depth-specific CBV or neuronal
density is mapped at the voxels on the outer cortical surface as described previously using
cubic-spline interpolation. 4. Statistical analysis between different modalities mapped onto the
same cortical surface area can be performed using VBA or ROI-based analysis.
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This coordinate is also used to compare cortical thickness and depth-specific CBV across a
population of mice. The following steps are followed:
1. The template cortex segmentation generated in average space is first mapped to each
subject.
2. The Laplace field and streamlines are constructed in the subject space.
3. The cortical thickness or depth-specific CBV is mapped at the voxels on the outer cortical
surface in the subject space.
4. The same surface, generated in average space, is thus mapped to each subject. This
preserves an inherent correspondence between voxels, due to the regularization inherent in
the symmetric normalization transformation model (Avants et al., 2011).
5. Statistical analysis between corresponding voxels or anatomical regions across different
subject can be performed.

G.

Cortical Flattering

To visualize the measurements or statistical results of the whole cortex in a single view, flat
maps can be generated using previously published technique (Fischl et al., 1999).

H.

Statistical Analysis

For the statistical analysis, CBV volumes or depth-dependent cortical surface projections can be
analyzed either through voxel-based analysis (VBA) or region-of-interested (ROI) analysis.
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VBA. Co-registered volumes or surface projections can be analyzed using a general linear model
implemented in SPM8 (Wellcome Department of Imaging Neuroscience).

ROI Analysis. A label map including all targeting brain regions and depths was firstly generated
in the templated space as previously described. Then the mean thickness values of each region
or mean CBV values of each region and depth were calculated for each subject, which can be
compared with a specific statistical model.

2.2.3 Mapping Synaptic Loss with CBV-MRI
A.

Animals

The animals studied consisted of seven healthy adult male wild‐type C57BL/6 J mice (age, 70 ± 5
days in the beginning of the study; 90 ± 5 days at the end of the study; body weight, 24 ± 5 g).

B.

Whisker Cutting Experiment of Mice

To determine whether CBV fMRI can detect and map experience-dependent changes in
synaptic density we turned to a well-established unilateral whisker cutting experimental
paradigm. A previous study (Zuo et al., 2005) published in Nature used two-photon microscopy
to visualize dendritic spines and found that over a few weeks period in young mice, synaptic
pruning outweighs synaptic formation in the barrel cortex, with a sum total change of
approximately 17% reduction in synaptic density. Moreover, this study found that unilateral
whisker cutting had no effect on synaptic formation but lessened synaptic pruning in the
contralateral barrel cortex, with sum total reduction of approximately 10% in synaptic density.
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Thus, after unilateral whisker cutting both the unilateral and the contralateral barrel cortex
show an overall reduction in synaptic density, but less so on the contralateral versus the
ipsilateral cortex.

In the 7 mice described above, we cut all whiskers on the right and imaged mice one week and
one month later (Figure 18).

Figure 18 Seven P70 WT male mice were scanned for the whisker cutting study with the high
spatial resolution SSCE CBV protocol.

C.

Generate CBV-MRI Maps of the Mouse Cortex using MouseStream

Same as described previously.

D.

Statistical Analysis

VBA. CBV maps after projection on the cortical surface can be analyzed using voxel based
analysis with a general linear model implemented in SPM8 (Wellcome Department of Imaging
Neuroscience) in the 3D cortical surface voxel space after registration.
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Using SPM, we performed a whole brain voxel-based-analysis with two separate student t-test
between CBV volumes constructed at the baseline and CBV volumes constructed after whisker
cutting for one week or one month. Based on effect published previously (Zuo et al., 2005), we
tested for the direction showing CBV reduction after whisker cutting using a t-contrast in SPM.
The other direction has been tested as well for the sake of thoroughness.

The statistic type for inference has achieved a voxel-wise p<0.005. Result has not been
corrected for multiple comparisons.

ROI Analysis. The mean CBV values in the barrel cortex from different depths were calculated
for each subject.
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2.3 Results
2.3.1 Mapping Functional Architectures of the Living Mouse Brain
A.

The Population Template

The CBV template possesses two properties: A. the intensity difference between the average
and each transformed scan was minimized and B. the magnitude of all the deformation fields
used to transform each scan was minimized. The CBV template is thus the average shape and
average appearance of the population of 40 scans and shows remarkably clear anatomic
features and boundaries for various brain structures.

Figure 19 shows the group-wise CBV template generated using the in vivo mouse MRI CBV data.
Similar functional organization were observed between the ex vivo mitochondrial enzyme
cytochrome oxidase (COX) staining and CBV map, including almost identical module patterns in
layer IV of the barrel fields.
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Figure 19 The population-averaged CBV template was generated as described previously.
A. The averaged CBV map and the surface 3D surface plot (intensity as height, view angle10° )
to show CBV intensity as height. Individual modules with high basal metabolism were
observed at layer-IV of the barrel cortex. B. Comparing metabolite patterns in the barrel
cortex between ex vivo COX staining (left) and CBV maps (right). Qualitative comparable
patterns were observed at the layer-IV in the barrel cortex. Spatially separated functional
modules with locally high metabolism are observed in the barrel fields (between the red
arrows).

B.

Spatial Relationships Between Cortical Thickness, Cortical Average CBV and Neuronal

density
Mean cortical thickness and CBV cortical surface map were generated using the in vivo MRI
template. Mean neuronal density cortical surface map was generated using the ex vivo STP
template. The results are displayed in Figure 20 through the NCSC as well as cortical flat maps.
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Figure 20 MouseStream output.
A-D. Surface projections 3D rendering results. E-H. Flat maps of the surface projections (right
cortex only). A, E. Thickness maps. B, F. CBV maps. C, G. Neuronal density maps. D, H. Cortical
label maps.

When examining the spatial relationship across different cortical areas without further
spanning the depth (Figure 21). There was a significant positive correlation between cortical
thickness and the mean CBV (𝑅 = 0 82, 𝑝 < 10−7 ), a significant positive correlation between
cortical thickness and the mean neuronal density (𝑅 = 0 8, 𝑝 < 10−6 ) and a significant positive
correlation between mean cortical neuronal density and CBV (𝑅 = 0 87, 𝑝 < 10−8 ).
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Figure 21 Cortical thickness, mean neuronal density and CBV scatter plots of the entire cortex
with 29 cortical regions.
A. Scatter plot between cortical thickness and CBV with R=0.82. B. Scatter plot between cortical
neuronal density and thickness with R=0.8. C. Scatter plot between cortical neuronal density and
CBV with R=0.87.
All correlations were significant with p < 10−7.
Thickness, neuronal density and CBV have been normalized with the maximum value equals to
100.

C.

Depth-dependent Cortical CBV and Neuronal density Spatial Relationships

The cortical functional architecture patterns mapped with CBV vary by cortical depths and
regions. A whole brain depth & region-of-interest (DROI) analysis was performed to illustrate
those features. CBV surface projection results generated using MouseStream at 20 depths
across the cortical layers are displayed in Figure 22. Similarly, using the same approach, the
cortical structural architecture patterns mapped with neuronal density also vary by cortical
depths and regions.
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Figure 22 Mapping functional architectures in vivo with CBV maps at different depths across
the cortex.
We displayed CBV cortical surface projection results at 20 different depth ranges from 0-5%
(closest to the cortical surface) to 95-100% (closest to the gray-white matter junction). When
viewing CBV data projected onto this normalized curved cortical surface, functional
architectures such as the barrel fields and limb fields in the somatosensory cortex, motor
cortex, auditory cortex and the visual cortex become visually distinct (with labels displayed in
the zoom-in views).

The averaged neuronal density and the averaged the microvasculature CBV were calculated as
a function of 20 cortical depths for all 29 cortical regions (Figure 23). A significant positive
correlation between the neuronal density and CBV was observed (𝑅 = 0 82, 𝑝 < 10−6 ), but
slightly smaller than the correlation between the mean cortical neuronal density and CBV which
may come from the different variances in neuronal density and CBV across difference cortical
depths.
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Figure 23 Neuronal density and CBV scatter plot of 29 cortical regions and 20 depths per
region.
The microvascular CBV and neuronal density are significantly correlated with 𝑅 = 0 82, 𝑝 <
10−100.
Neuronal density and CBV have been normalized with the maximum value equals to 100.

In general, the neuronal density and CBV demonstrates the expected variation across cortical
layers (Figure 24), with an increase in the density at the expected location as reported
previously (Tsai et al., 2009).
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Figure 24 Neuronal density and CBV calculated at 29 cortical regions and 20 cortical depths
using the population-averaged template volumes.
A. The neuronal density of 29 cortical regions at 20 evenly divided depths. B. The CBV of 29
cortical regions at 20 evenly divided depths.
Neuronal density and CBV have been normalized with the maximum value equals to 100.

When comparing neuronal density and CBV maps across the entire cortex, highly similar
architectures were observed in the sensory cortices including visualizing the metabolic pattern
and organization of the barrel cortex (as shown in Figure 25). On the contrary, regions such as
the visual cortex and entorhinal cortex showed some mismatches where CBV did not track with
the neuronal density distributions.
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Figure 25 CBV functional architecture matches the neuronal density cytoarchitecture.
Similar architectures in barrel cortex were observed using structural (neuronal density (ND) on
the left) and functional (CBV on the right) readouts, which are also true for other primary
sensory cortices. Mismatches can also be found in some cortical areas, i.e., V1, EC, Prh, Ect
and etc. A. A single slice going through the ex vivo ABA neuronal density template and the
CBV template. B. Cortical surface projections of mean neuronal density and the CBV. C. Flat
maps of B. For A to C, result from one template is displayed to mirror the anatomy of the
other.

To quantitatively compare the relationship between the neuronal density and CBV across the
entire cortex between different regions, the logarithm ratio (Log-ratio) was calculated for each
region and each depth as shown in Figure 26-A. We calculated the similarity matrix of the Logratio between neuronal density and CBV to determine the structural-functional relatedness
between cortical regions (Figure 26-B). We found that lower distances are likely to be more
associated with cortical regions from the same lobe than regions from different lobes.

61

Figure 26 The logarithm ratio (Log-ratio) between the neuronal density and CBV.
The regional pairwise distance matrix was generated from the Log-ratio to serve as the
neuronal-microvascular distance matrix. A. The logarithm of the CBV to neuronal density ratio
at each depth for each region. B. Neuronal-microvascular distance matrix. The color scale
represents normalized distance within and between cortical regions.
The Log-ratio has been normalized with the highest value equals to 1.

Included in Figure 27 is a dendrogram derived from hierarchical clustering that summarizes the
structural-functional relations between cortical regions. The dendrogram depicts a hierarchical
structure of neuronal-microvascular ‘coupling’ patterning. The most distinct cortical regional
partitions located at the highest level of the hierarchy correspond to the basic anteroposterior
division between primary sensory cortices and mainly the parahippocampal areas; below that
are the functionally specialized subdivisions. Figure 28 illustrated how the cortical regions
grouped into two clusters at the highest level of the hierarchy.
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Figure 27 The dendrogram.
Two main clusters were detected and were color coded as green and yellow. The green cluster
is consisted of regions with high neuronal-microvascular similarity while the yellow cluster is
consisted of regions with relative low neuronal-microvascular similarity.

Figure 28 Hierarchical clustering result at the highest level of the hierarchy.
A. Flat cortical map of the mean CBV. B. Flat cortical map of the mean neuronal density. C.
Clusters’ label map. (D-E). Rendering results showing the cortical clustering label map in 3D.
A-C. Only half hemisphere is shown since the template cortical map is sympatric.
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Particularly, we have examined the relationship between neuronal density and CBV at the
barrel cortex. Both cortical depth-dependent neuronal density and CBV varied across different
layers and the changes in CBV tracked well with the neuronal density across the laminar layers
(Figure 29-A). A strong liner correlation between the neuronal density and CBV has been
observed with R=0.92 (Figure 29-B).

Figure 29 Depth-dependent neuronal density and CBV results of the barrel cortex.
A. Plots of the average neuronal density and CBV of the barrel cortex at each depth-of-interest
(DOI). B. Scatter plot of values in A, with CBV as the x-axis and neuronal density as the y-axis. A
significant high positive correlation has been observed between the CBV and neuronal density in
the barrel cortex with R=0.92.
CBV and neuronal density have been normalized with the maximum value as 100.

Laminar synaptic density values taken from the literature (Anton-Sanchez et al., 2014) also
displayed a very strong correlation with the vascular density measured by CBV-MRI in the barrel
cortex. Among CBV, neuronal density and synaptic density, CBV was most tightly correlated
with synaptic density with R=0.95 (Figure 30).
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Figure 30 Mouse barrel cortex neuronal density and CBV, and rat barrel cortex synaptic density
of each laminar layer.
A. Plots of the average neuronal density and CBV of the barrel cortex at each laminar layer. B.
Pair-wise scatter plot of values in A, B-top is the scatter plot between the rat synaptic density
and the mouse neuronal density; B-mid is the scatter plot between the mouse CBV and the
mouse neuronal density; B-bottom is the scatter plot between the mouse CBV and the rat
synaptic density. A significant high positive correlation has been observed between the mouse
CBV and rat synaptic density in the barrel cortex with R=0.91 (p < 0.01).
Mouse barrel cortex neuronal density and CBV were generated using the Allen Brain Atlas
anatomical CCF v3 template (S. W. Oh et al., 2014) and our CBV template. Layers were defined
by ABA CCF v3 atlas warped in the CBV templated space (Fig. 34). Synaptic density of the rat
barrel cortex were acquired from the literature (Anton-Sanchez et al., 2014).

2.3.2 CBV-MRI Can Detect Slow Changes in Synaptic Density
A statistical analysis comparing CBV maps one week compared to baseline revealed no reliable
differences. However, when the CBV maps acquired one month after whisker cutting were
compared to baseline, we observed reliable reductions in CBV in the general vicinity of the
barrel cortex (Figure 31). On visual inspection of the VBA statistical maps a greater reduction in
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CBV was observed in the vicinity of the ipsilateral compared to contralateral barrel cortex
induced by whisker cutting. We also note that this pattern of reduction was observed in regions
slightly medial to the barrel cortex.

Figure 31 CBV voxel-based-analysis was performed on the cortical surface after MouseStream
surface projection.
A. The cortical surface projection of CBV. B. Statistical t-map showing the CBV reduction (red
means higher reduction). C. Statistical t-map showing the significant CBV reduction with voxelwise p < 0.005.

To better quantify this effect, we performed a region-of-interest CBV analysis in the bilateral
barrel cortex. This analysis confirmed the interpretation on the effect unilateral whisker cutting
has on CBV (Figure 32-A).

We also performed a region-of-interest cortical thickness analysis in the bilateral barrel cortex.
Not surprisingly, similar effects have been observed on the changes in cortical thickness as well
(Figure 32-B). As reported previously, cortical thickness changes during normal brain
development was associated with complicated cellular and molecular processes including
synaptic pruning and apoptosis (Jeon, Mishra, Ouyang, Chen, & Huang, 2015).
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Figure 32 Cortical CBV and thickness ROI analysis of the whisker cutting experiment.
ROI analysis results of the averaged barrel cortex thickness and CBV changes both confirmed
the interpretation on the effect unilateral whisker cutting has on BCX CBV, and remarkably
showed similar effect sizes predicted by the previous study.
A. Box-plot showing significant CBV reduction is only observed on the control side using the
paired samples student t-test, the reduction effect on the control side is also significantly
different from the whisker trimming side using two-way repeated measures ANOVA
interaction analysis. B. Box-plot showing significant thickness reduction is only observed on
the control side using the paired samples student t-test, the reduction effect on the control
side is also significantly different from the whisker trimming side using two-way repeated
measures ANOVA.
(* p<0.05)

To better understand whether this effect on CBV was driven by certain laminar layers, we
performed a region-of-interest CBV analysis in the bilateral barrel cortex at eight different
depths (Figure 33). Unilateral whisker cutting effects on the CBV were only significant at the 3rd
and 4th depths (p < 0.05). This observation suggested that the cortical changes of CBV in the
barrel cortex (Figure 32) were mainly driven by the medium laminar area. This medium laminar
area is illustrated in Figure 34.
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Figure 33 Cortical CBV and thickness ROI analysis of the whisker cutting experiment at
different cortical depth.
Box plots of the ROI analysis showing the CBV changes in eight evenly divided depth of the
barrel cortex. Unilateral whisker cutting effects on the CBV were only significant at the 3rd
and 4th depths (p < 0.05). This observation suggested that the similar global changes of CBV
in the barrel cortex (Figure 32) were driven by the medium laminar area.
P-values are from the two-way repeated measures ANOVA interaction analysis.
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Figure 34 Cortical laminar layer labels overlaid onto the CBV template.
This figure illustrates that the 3rd and 4th depths we defined in our analysis are associated
with the layer IV in the barrel cortex. Layer map of the barrel cortex was generated in the in
vivo template space using the ex vivo Allen Brain Atlas.
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2.4 Supplementary*
2.4.1 Dynamic Relaxation Contrast MRI
When acquiring CBV scans, the baseline scan is firstly acquired before IP injection of
Gadodiamide, and then followed by the post-contrast scan acquired at the SS, typically 30-40
mins after IP injection. This 30-40 mins waiting time is actually conceptually similar to the scan
duration in any (CA based) MRI perfusion protocols, to capture the CA dynamics while it
perfuses (or passes) throughout the brain tissue. With this observation in mind, I examined the
possibility of adding a haemodynamics module to the current CBV acquisition protocol and
successfully proposed a novel perfusion imaging protocol called dynamic relaxation contrast
(DRC)-MRI. In this section, I will demonstrate the DRC idea, its underlying principles, the
validation with mathematical proof as well as simulation test, its modeling strategies and in vivo
results generated from the mouse brain.

A.

Setting up the DRC protocol.

Cerebral perfusion haemodynamics provides unique information of the delivery of oxygen and
nutrients to the brain tissue by means of blood flow. Those haemodynamics of the blood flow
event such as cerebral blood flow (CBF), CBV, mean transit time (MTT) are of great values to
preclinical applications using transgenic mouse models, including the classification of
tumors(Borges,

Lopez-Larrubia,

Marques,

&

Cerdan,

2012),

identification

of

stroke(Lewandowski et al., 2013; Shen & Duong, 2016), and characterization of other brain
dysfunctions including Huntington’s disease, AD and SCH(Khan et al., 2014; Lewandowski et al.,
2013; Schobel et al., 2013). MRI techniques such as DSC and dynamic contrast-enhanced (DCE)-
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MRI which offer the possibility of studying cerebral perfusion in vivo are minimally invasive
overall.

These techniques are also known as bolus methods, with injections of a CA, provide higher
contrast-to-noise ratio and better sensitivity. The CA is injected into the blood with typically IV
injection and monitored as it passes through the brain tissue. Gaining IV access in mice is
challenging(Moreno et al., 2006). Alternatively, one of the two tail veins can be used, but these
veins cannot be probed multiple times. Thus, any approach that relies on an IV administration
of contrast agents prohibits mapping perfusion changes repeatedly over time in the same
mouse. This procedure also requires a high temporal resolution of the MR scans to capture
dynamics of the rapid bolus pass within 1-2 mins (with each scan limited to a few seconds long)
such that the spatial resolution becomes subordinate.

With these concerns in mind, we set out to investigate whether an approach that relies on the
IP injection of Gadodiamide can be used to study perfusion dynamics. Our previous CBV
study(Moreno et al., 2006) proved that IP Gadodiamide can be acquired repeatedly, reliably
and safely over time. However, it did not address the dynamic properties of this procedure, as
its goal was CBV mapping which required just two scans to generate the result (i.e., a baseline
scan without contrast and a post-contrast scan at the SS).

We adopted the same CA injection protocol to take advantage of the prolonged CA perfusion
property mentioned above and further investigated its possibility of mapping the
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haemodynamics in vivo (while we are waiting for the SS post-contrast scanning time-window).
Same to our CBV protocol, T2-weighted signal was used because its changes due to
intravascular CA are more sensitive to microvasculature and less sensitive to microvasculature
(Moreno et al., 2006; Weisskoff et al., 1994). Since microvasculature is more tightly coupled to
basal neuronal metabolism, T2-weighted changes provide a more accurate measure for the
purposes of mapping brain dysfunction. A multi-shot echo-planar imaging with spin-echo (SEEPI) sequence was selected to replace the RARE sequence used in the CBV protocol, which
allows a faster sampling rate than RARE to better capture the perfusion dynamics.

T2-weighted images with 32 repetitions were acquired with a multi-shot SE-EPI acquisition
(repetition time, 3,000 ms; effective echo time, 30 ms; two segments; in plane resolution, 200
µm; slice thickness, 400 µm; scan time, 2 min/repetition; session time, 64 min/mouse). After
first two repetitions completed, we performed IP injection of Gadodiamide at the dosage of 10
mmol/kg through a polyethylene 10 catheter while the mouse was kept in the scanner.

B.

DRC Modeling.

Modeling of DRC was first addressed through a simulated dataset with two conditions to
illustrate the contrast perfusion dynamics with IV or IP procedures: 1. The CA concentrationtime-course (CTC) with a fast bolus pass observed in DSC with IV (Willats & Calamante, 2013)
(corresponding to a rapid pass artery input function (AIF)); 2. CTC with a prolonged SS
(corresponding to the AIF as a summation of multiple time-shifted mono-exponentially
decaying rapid-pass AIF train) to simulate the data observed in DRC with IP. I showed that
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capturing the whole contrast bolus pass was not essential for deconvolution-based modeling.

After within-subject rigid registration of all MR scans from the 32 repetitions using ANTS, brain
extractions were performed with PCNN3D. The first step of modeling the DRC data is to convert
the T2 signal-time-course of each voxel into a curve that represents the concentration of the CA
in the brain tissue, known as the CTC. As T1 effects are neglectable in the tissue when 𝑇𝑅 >
3 × 𝑇1 , using the SE-EPI sequence with 𝑇𝑅 = 3000 ms, the CA concentration can be
approximated using the following equation,
𝐶 𝑡 =

∆𝑅2
1
𝑆 0
=
ln (
) #4
𝑟𝑡𝑖𝑠𝑠𝑢𝑒 𝑟𝑡𝑖𝑠𝑠𝑢𝑒 ∙ 𝑇𝐸
𝑆 𝑡

where the CA concentration is proportional to the changes of the relaxation rate 𝑅2 , constant
rtissue is assumed to be the same for the whole brain21.

C.

Haemodynamics Quantification.

CBF Modeling. In DSC-MRI, CBF is estimated using the mathematical technique of
deconvolution with the principle of indicator dilution theory(Meier & Zierler, 1954) by solving
the following equation,
𝐶𝑇𝐶 𝑡 = (𝐶𝐵𝐹 ∙ 𝑅 𝑡 )⨂𝐴𝐼𝐹 𝑡 #5
where 𝐴𝐼𝐹 𝑡 is the arterial 𝐶𝑇𝐶, or the arterial input function and 𝑅 𝑡 is the tissue residue
function (TRF), which describes the retention of contrast agent within the capillary bed. The
quantification of CBF requires inversion of Equation (2), which can be expressed in vectormatrix notations below,
𝑨𝑰𝑭 ∙ 𝐶𝐵𝐹 ∙ 𝑹 = 𝑪𝑻𝑪#6
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𝐶𝐵𝐹 ∙ 𝑹 = 𝑨𝑰𝑭+ ∙ 𝑪𝑻𝑪#7
𝐶𝐵𝐹 =

x[𝐶𝐵𝐹 ∙ 𝑹] #8

where column vector 𝐶𝐵𝐹 ∙ 𝑹 contains the unknown discrete CBF-scaled TRF and the matrix
𝑨𝑰𝑭 has elements:
𝑎𝑖,𝑗 = {

Δ𝑡 ∙ 𝐴𝐼𝐹(𝑡𝑖−𝑗+1 )
0

𝑗≤𝑖
𝑗>𝑖

#9

where 𝑨𝑰𝑭 can be up-sampled with interpolation (i.e., we used the smooth spline algorithm).
And the pseudoinverse of 𝑨𝑰𝑭, 𝑨𝑰𝑭+ , is calculated using singular value decomposition (SVD). A
regularization cutoff of 𝑃𝑆𝑉𝐷 = 20% is used to remove the singular values and reduce the
effects of noise as suggested previously (Østergaard, Weisskoff, Chesler, Gyldensted, & Rosen,
1996).

Here we show that DRC can map CBF using the deconvolution method. By observing our in vivo
̂ (Figure 35G) can be
data carefully, we hypothesize that the 𝐴𝐼𝐹 of the DRC experiment, 𝐴𝐼𝐹
approximated as the summation of a train of independent time-shifted fast-pass 𝐴𝐼𝐹𝑠 (Figure
35D) as shown in Equation 10. And we assume those 𝑁 time-shifted fast-pass 𝐴𝐼𝐹 have a
mono-exponentially decaying factor 𝛼, since eventually there is no CA left in the artery. Each
fast-pass 𝐴𝐼𝐹 𝑡 (Figure 35A) used in Equation 7 can be modeled with a Gamma function which
is typically used in DSC (Willats & Calamante, 2013).
𝑁

̂ 𝑡 = ∑ 𝛼 𝑖 ∙ 𝐴𝐼𝐹 𝑡 − 𝑖 ∙ Δ𝑡 #10
𝐴𝐼𝐹
𝑖=1

𝑖
𝛼 𝑖 = 1 ∙ xp (−𝑎 ∙ ) #11
𝑁
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For each 𝛼 𝑖 ∙ 𝐴𝐼𝐹 𝑡 − 𝑖 ∙ Δ𝑡

in Equation (7), we can express its corresponding 𝐶𝑇𝐶 𝑡 − 𝑖 ∙

Δ𝑡 using Equation 5,
𝐶𝑇𝐶 𝑡 − 𝑖 ∙ Δ𝑡 = (𝐶𝐵𝐹 ∙ 𝑅 𝑡 − 𝑖 ∙ Δ𝑡 )⨂ 𝛼 𝑖 ∙ 𝐴𝐼𝐹 𝑡 − 𝑖 ∙ Δ𝑡 #12
̂ 𝑡 (Figure 35H) observed with IP injection can be expressed as the summation
So that the 𝐶𝑇𝐶
of all 𝐶𝑇𝐶 𝑡 − 𝑖 ∙ Δ𝑡 (Figure 35F),
𝑁

̂ 𝑡 = ∑ 𝐶𝑇𝐶 𝑡 − 𝑖 ∙ 𝛥𝑡
𝐶𝑇𝐶
𝑖=1
𝑁

= ∑(𝐶𝐵𝐹 ∙ 𝑅 𝑡 − 𝑖 ∙ 𝛥𝑡 )⨂(𝛼 𝑖 ∙ 𝐴𝐼𝐹 𝑡 − 𝑖 ∙ 𝛥𝑡 )
𝑖=1
𝑁

= ∑(𝐶𝐵𝐹 ∙ 𝑅 𝑡 )⨂(𝛼 𝑖 ∙ 𝐴𝐼𝐹 𝑡 − 𝑖 ∙ 𝛥𝑡 )⨂𝛿 𝑡 − 𝑖 ∙ 𝛥𝑡
𝑖=1
𝑁

= (𝐶𝐵𝐹 ∙ 𝑅 𝑡 )⨂ (∑(𝛼 𝑖 ∙ 𝐴𝐼𝐹 𝑡 − 𝑖 ∙ 𝛥𝑡 )) #13
𝑖=1

which gives,
̂ 𝑡 = (𝐶𝐵𝐹 ∙ 𝑅 𝑡 )⨂𝐴𝐼𝐹
̂ 𝑡 #14
𝐶𝑇𝐶
and can be written in vector-matrix forms,
̂ #15
̂ ∙ 𝐶𝐵𝐹 ∙ 𝑹 = 𝑪𝑻𝑪
𝑨𝑰𝑭
so that,
̂ #16
̂ + ∙ 𝑪𝑻𝑪
𝐶𝐵𝐹 ∙ 𝑹 = 𝑨𝑰𝑭
𝐶𝐵𝐹 = 𝑚𝑎𝑥[𝐶𝐵𝐹 ∙ 𝑹] #17
Comparing Equations 14-17 with Equations 5-8, we prove that DRC can map CBF in the same
way as DSC using the deconvolution method (Figure 35I). Further validations were performed
on both simulated and in vivo experimental data.
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For absolute quantification of CBF, the multiplication of CBF by the Hct correction factor 𝑘𝐻 is
required. In practice, 𝑘𝐻 is set to 0.733(Rempp et al., 1994).

CBV Modeling. CBV can be modeled as the 𝐵𝑉𝑓 as following,
𝐶𝐵𝑉 =

𝑘𝐻
𝑘𝐻 𝐶𝑇𝐶𝑠𝑠 𝑘𝐻 𝐶𝑚𝑎𝑥
𝐵𝑉𝑓 =
=
#18
𝜌
𝜌 𝐴𝐼𝐹𝑠𝑠
𝜌 𝐴𝑚𝑎𝑥

where 𝐶𝑇𝐶𝑠𝑠 represents the steady-state CA concentration in the brain tissue when T2 signal
reaches a plateau phase and 𝐴𝐼𝐹𝑠𝑠 is associated with the artery. With IP, the plateau phase also
has the highest CA concentration for both brain tissue and 𝐴𝐼𝐹. Considering an easy and robust
implementation, 𝐶𝑇𝐶𝑠𝑠 and 𝐴𝐼𝐹𝑆𝑆 are replaced with 𝐶𝑚𝑎𝑥 and 𝐴𝑚𝑎𝑥 (Figure 35A-B),
respectively. For absolute quantification of CBV, Hct correction factor 𝑘𝐻 and brain tissue
density 𝜌 are necessary. In practice, 𝜌 is set to 1.0 g/mL

MTT modeling. MTT represents the time the blood (and therefore the CA) spends in the
capillary bed, which is calculated as the ratio between CBV and CBF using the central volume
theorem,
𝑀𝑇𝑇 =

D.

𝐶𝐵𝑉
#19
𝐶𝐵𝐹

Haemodynamics Semi-quantification.

CTC quantities such as time to peak (TTP) and wash in rate (WIR) can be modeled directly from
the time course without the discrimination of AIF. Where TTP is the time each voxel takes to

76

reach the maximum CA concentration and WIR is calculated as the averaged gradient of CTC
from 𝑡0 to TTP (Figure 35B).

E.

Validation with Simulation and In Vivo Data.

To validate our proposed approach, we first prove that CBF can be mapped using DRC with
deconvolution method and illustrate the idea with a simulated dataset. Figure 35A-B represent
simulated 𝐴𝐼𝐹 and 𝐶𝑇𝐶 we typically observed in DSC study, and Figure 35C is the CBF-scaled
̂
TRF, 𝐶𝐵𝐹 ∙ 𝑅, calculated using Equation 7 with SVD-deconvolution. We approximate the 𝐴𝐼𝐹
observed in the DRC experiment (Figure 35G) as a summation of 100 time-shifted monoexponentially decaying fast bolus pass 𝐴𝐼𝐹 (Figure 35D). With the 𝐶𝐵𝐹 ∙ 𝑅 calculated ready,
̂ observed in the DRC experiment is calculated using Equation (13) by first convolving
the 𝐶𝑇𝐶
each individual 𝐴𝐼𝐹 𝑡 − 𝑖 ∙ Δ𝑡 (Figure 35D) with the corresponding CBF-scaled TRF 𝐶𝐵𝐹 ∙
𝑅 𝑡 − 𝑖 ∙ Δ𝑡 (Figure 35E) to obtain 𝐶𝑇𝐶 𝑡 − 𝑖 ∙ Δ𝑡 (Figure 35F) and then summing them
̂ (Figure 35H). Figure 35I shows that the deconvolution result calculated
together to derive 𝐶𝑇𝐶
in DRC (magenta line) using Equation 16 is indeed the CBF-scaled TRF of the simulated DSC
dataset (magenta dots).
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Figure 35 Modeling CBF of simulated dataset using the deconvolution method.

Figure 36 illustrates how we model the perfusion haemodynamics in vivo using DRC, such as
CBF (Figure 36 A-C), CBV (Figure 36 D), MTT (Figure 36 D), TTP and WIR (Figure 36 B). With the
in vivo data showing similar patterns as the simulated dataset, we further show that our
proposed method is a valid approach. In vivo CA CTC was up-sampled three times with the
smooth spline curve fitting.
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Figure 36 Modeling perfusion haemodynamics of in vivo data.

Test-retest and ROI Analysis. The same mouse was scanned twice with 48 hours apart, with
same scan protocol, allowing the determination of inter-session test-retest reliability, which
plays as the key factor in longitudinal studies. Regions of hippocampus, cortex and thalamus
were defined following the Allen Mouse Brain Atlas. CBF and CBV were compared voxel-wise
and ROI-wise for these two scans using the square of Pearson Correlation Coefficient (𝑅 2 ).

Figure 37A shows typical CBF and CBV maps generated with DRC. ROI results of hippocampus,
cortex and thalamus were calculated for both CBF and CBV with values from both hemispheres
averaged. Test-retest study with two scans using the same mouse demonstrates high reliability
for both CBF and CBV with whole brain voxel-wise 𝑅 2 > 0 8 and ROI-wise 𝑅 2 > 0 95 (Figure
10B). Biological meaningful values and patterns of CBF and CBV were observed (Figure 37A)
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which was also quantitatively comparable to results published in the literatures using either
FAIR or SSCE (Figure 37C).

Figure 37 A. In vivo CBF and CBV maps of DRC. B Test-retest ROI analysis of DRC-CBF and DRCCBV. C. Comparison CBF and CBV ROI results of DRC versus published data.

In this section, I showed the feasibility of the DRC method as a new MRI technique for
quantitatively mapping perfusion haemodynamics of the mouse brain in vivo based on a
previously proposed T2-weighted SSCE-MRI protocol with IP Gadodiamide injection. Our DRC
method is safe, simple, and repeatable and has the advantage of generating high spatial
resolution dynamics scans. Our method has been validated through mathematical proof,
simulation and by comparing its results with well-accepted MRI protocols.

I also noticed that in tissues with permeable vasculature the CA extravasates lead to a
continuous signal increase (preliminary data not shown in this report). If the time window for
which the vascular signal corresponds to the CBV is known, the CA accumulation in tissue with
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permeable vasculature can also be modeled with DRC. We consider this as part of our future
work.

DRC can be used by itself as a standard along perfusion MRI imaging protocol or combined with
the high spatial resolution SSCE CBV protocol as a haemodynamics complement. When
combined with the SSCE CBV protocol, the dynamic parameter TTP is no longer available, due
to the limited scan time.

All DRC processes have been integrated into a Matlab toolkit called OpenDRC. Figure 38 shows
the overview of the proposed DRC pipeline and Figure 39 displays the software interface with
several automated generated output images.

Figure 38 Overview of the proposed DRC pipeline.
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Figure 39 OpenDRC interactive user interface and output results.
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3 Chapter 3: Specific Aim 2
3.1 Purpose
To demonstrate the utility of CBV-MRI and optimized analytic tools developed from specific aim
1 for mapping slow changes in the brain associated with disease, by pinpointing changes in
synaptic density in Vps26b KO mouse model.

3.2 Materials and Methods
3.2.1 Animals
The animals studied consisted of 30 male Vps26b KO (Vps26b-/-) mice and their male wild‐type
(Vps26b+/+) C57BL/6J littermates in three age groups (3-4 months (Vps26b+/+, n = 10; Vps26b/-, n = 10); 6-7 months (Vps26b+/+, n = 10; Vps26b-/-, n = 10) and 12-14 months (Vps26b+/+, n
= 10; Vps26b-/-n = 10).).

Vps26b KO Mice. We have established a colony of Vps26b KO mice originally described by
described by Kim et al. (Kim et al., 2008). This KO line was generated by replacing exons 5 and 6
of the Vps26b gene by a neomycin-resistance cassette. These animals are viable, live into
adulthood, and do not display any gross physical abnormalities.

3.2.2 Image Acquisition
We used CBV-fMRI to image young and old Vps26b KO mice and their WT littermates with the
optimized imaging protocol as previously described in the method section of Chapter 1. The
Bruker BioSpec 94/20 (field strength, 9.4T; bore size, 20 cm) horizontal small animal MRI
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scanner with software ParaVision 6.0.1 (Bruker BioSpin, Billerica, MA, USA) and a 23-mm 1H
circularly polarized transmit/receive capable mouse head volume coil were used for the
imaging. Mice were anesthetized using the medical air and isoflurane (3% volume for induction,
1.1-1.5% for maintenance at 1 liter/min air flow, via a nose cone). A flowing water heating pad
was used to maintain the body temperature at around 37℃. Sterile eye lubricant was applied
after each scan. T2-weighted images were acquired before and 42 min after IP injections of the
contrast agent Gadodiamide (Omniscan; GE Healthcare, Princeton, NJ, USA) at the dosage of 10
mmol/kg. T2-weighted images were acquired with a fast-spin echo acquisition (repetition time,
2,500 ms; effective echo time, 45 ms; rapid acquisition and relaxation enhancement factor, 16;
in plane resolution, 60 µm; slice thickness, 250 µm).

3.2.3 Generating CBV Maps
As previously described, CBV was mapped according to changes in the transverse relaxation
time (∆R2) induced by gadolinium injection. CBV was derived by normalizing ∆R2 to the mean
∆R2 signal present in the SCA, as delineated by a blinded rater.

3.2.4 Voxel-based Analysis
MR images were first skull stripped to yield whole-brain volumes using an automatic rodent
brain extraction algorithm based on 3-D pulse-coupled neural networks (PCNN), as described
previously(Chou et al., 2011; Khan et al., 2014). Large vessel was filtered as described in 2.2.1C. Mice whole-brain volumes processing were conducted using custom Linux bash and Matlab
scripts. Volumes were co-registered into a group-wise template space using an inverse-
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consistent diffeomorphic co-registration algorithm, as described previously (Avants et al., 2011;
Khan et al., 2014). CBV maps were analyzed using voxel-based analysis with a general linear
model implemented in SPM8 (Wellcome Department of Imaging Neuroscience).

Using SPM, we performed a whole brain voxel-based-analysis with 2x2 factorial design,
including age and genotype as main effects, and their interaction in a flexible factorial model.
Based on effect learned from the behavior test, we tested for age x genotype interaction with
direction showing age dependent CBV deficit of Vps26b-/- mice comparing with their agematched controls using a t-contrast in SPM.

The statistic type for inference has achieved a voxel-wise p<0.005, cluster-wise p<0.05 with
cluster size>25. Result was corrected for multiple comparisons using Monte Carlo simulation
implemented in AFNI-AlphaSim (http://afni.nimh.nih.gov/afni/) to generate the proper cluster
size. AFNI-3dFWHMx software was used to estimate the smoothness of our SPM flexible
factorial analysis t-map.

3.3 Results
CBV data were modeled in a factorial framework included genotype (WT vs KO), age (young vs
old) and their interaction. Significant interaction effect with direction showing age-related CBV
worsening deficits was observed bilaterally in the TEC of Vps26b-/-mice with voxel level p <
0.005 and corrected for multiple comparisons with extent threshold 25 voxels to achieve the
cluster level p<0.05. Color coded thresholded t-map from the factorial analysis was then
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overlaid onto the group-wise mean CBV in cross-section using 3DSlicer (http://www.slicer.org)
(Figure 40).

Figure 40 CBV genotype x age interaction effect was tested between Vps26b+/+ and Vps26b-/mice for the 3-4 months and 12-14 months mice groups.
3-4 months (Vps26b+/+, n = 10; Vps26b-/-, n = 10); 6-7 months (Vps26b+/+, n = 10; Vps26b-/-, n
= 10) and 12-14 months (Vps26b+/+, n = 10; Vps26b-/-n = 10).
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4 Chapter 4: Specific Aim 3
4.1 Purpose
The purpose of the Specific Aim 3 is to describe the use of MEGA-PRESS to measure changes in
the major neurotransmitters. We first demonstrate MEGA-PRESS at 9.4T is a feasible method to
assess in vivo GABA and Glx concentrations in mice. We then came up with an optimized MRS
spectrum tools to achieve the automated MRS spectral correction and metabolite
concentration quantification. The performance of the automated tools has been first validated
with both simulation tests and in vivo mice data. At the end, we described the translational
capability of this approach to identify Glx abnormalities in the brains of patients in the
prodromal stages of SCH.

4.2 Materials and Methods
4.2.1 MEGA-PRESS Sequence Setup at 9.4T
A Bruker BioSpec 94/20 (9.4T field strength and 20 cm bore size) horizontal small animal MRI
scanner with software ParaVision 6.0.1 (Bruker, Germany) and a 23 mm 1H circularly polarized
transmit/receive capable mouse head volume coil were used for the experiments. MEGA-PRESS
allows GABA to be separated from the stronger overlying resonances of Cr and macromolecules
(MM) by taking advantage of known J-couplings within their molecules. As a JDE technique,
MEGA-PRESS involves the collection of two interleaved datasets which differ in their treatment
of the GABA spin system. In one dataset, a refocusing pulse is applied to GABA spins at 1.9 ppm
to selectively refocus the evolution of J-coupling to the GABA spins at 3 ppm (referred to as
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‘On'). In the other, the refocusing pulse is applied at 7.5 ppm so that the J-coupling evolves
freely throughout the echo time (referred to as ‘Off’).

MEGA-PRESS frequency-selective 180° refocusing pulses were applied at the offset of 1.9 ppm
during ‘On’ and 7.5 ppm during the ‘Off’ excitation with TE=68 msec and TR=2000 msec. As
previously suggested15, to minimize phase accumulation and to maximize editing efficiency, the
following conditions on time delays must be satisfied to achieve the optimal signal detection:
t2=t3=t4=t1+t5=TE/4=17 msec, as shown in Figure 41. The initial echo time, twice the t1, was
kept as short as possible to ensure the adequate length of refocusing pulses. A Shinnar-LeRoux
pulse of 28 msec duration and 98 Hz (0.245 ppm) full width at half maximum (FWHM) was used
for frequency-selective 180° refocusing. Spoiler gradients of 660 mT/m were applied for 1 msec
same as the scheme proposed previously6. Phantom studies validated the successful
implementations of RF-pulses, gradients, and the choices of other sequence parameters, with
the results demonstrated in Figure 42. For acquisition, 4096 points were acquired in 820 msec
(with bandwidth 4.1 kHz corresponding to 10.25 ppm).
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(Guo et al., 2017)
Figure 41 Representative pulse sequence of the Meshcher–Garwood point‐resolved
spectroscopy (MEGA‐PRESS) we implemented at 9.4T.

The majority of peaks in the spectrum are unaffected by the editing pulses, so the subtraction
of the refocused ‘On’ spectrum from the non-refocused ‘Off’ spectrum removes the unaffected
peaks from the spectrum and retains only the peaks that are affected by the editing pulses. The
in vivo edited spectrum contains signals close to 1.9 ppm (those directly affected by the pulses),
the GABA signal at 3 ppm (coupled to GABA spins at 1.9 ppm), the combined
glutamate/glutamine (Glx) peaks at 3.75 ppm (coupled to the Glx resonances at approximately
2.1 ppm), and MM peaks (coupled to the MM resonances at approximately 1.72 ppm). This
process is demonstrated in Figure 43-B. The ‘On’ and ‘Off’ spectra were collected in an
interleaved fashion to limit the impact of subject and hardware instabilities. After correction for
frequency and phase drift, as described below, subtraction and spectrum quantification were
performed.

4.2.2 MEGA-PRESS Spectra Acquisition at 9.4T
A.

In Vitro Phantom Study
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In order to verify the performance of the implemented MEGA-PRESS sequence, a series of
phantom samples consisting of Cr or GABA in Gadolinium-doped water were prepared at four
different concentrations (2.5 mM, 5 mM, 10 mM and 20 mM, respectively). Gadolinium-doped
distilled water was prepared with Gadodiamide (Omniscan; GE Healthcare, US) at a
concentration of 3.33 µM. A 15 ml falcon tube was used to store the phantom solution due to
its similar cross-sectional diameter to the mouse brain, which matched the 23 mm mouse head
volume coil we used for the in vivo animal study.

Single voxel MEGA-PRESS spectra were acquired from a 6 × 6 × 6 mm3 voxel inside the tube. For
placement of the voxel, the manufacturer-provided multi-slice localizer scan was acquired.
Following placement of the single voxel on each phantom tube, the manufacturer-provided
field map-based shim method was used to adjust the shim currents. Nonlinear shimming up to
the third order was obtained for the single voxel (with the shimming volume same as the
acquired single voxel). Because linear terms in the higher order shim coils were not completely
canceled out in the shim system, calibration of additional linear shimming was performed after
field map shim using a localized volume to maximize the area under the water FID envelope. To
ensure that the water frequency had no offset, one more round of voxel water frequency
adjustment was applied. For linear shimming and water frequency adjustment, the
manufacturer-provided protocols ‘local shimming’ and ‘local frequency’ were applied
respectively. After shimming and water 1H frequency adjustment, water suppression was
manually adjusted for each sample using variable power and optimized relaxation delays
(VAPOR). During the MEGA-PRESS acquisition for each phantom sample, a total of 128 averages
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with 4096 points per average were obtained (64 ‘On’ averages and 64 ‘Off’ averages) with a
scan time of 4 min 16 sec.

B.

In Vivo Mouse Study

The animals studied consisted of nine healthy adult male wild-type C57BL/6J mice (with age 90
± 5 day and body weight 22 ± 3 gram). During MR scans, the mice were anesthetized with
inhaled isoflurane (1.8% mixtures with medical air; adjusted as a dose range between 1 and 2%).
We chose to use room air as opposed to O2 to minimize physiological changes during
anesthesia. The concentration of isoflurane was adjusted during the procedure to maintain the
respiration rate in the range of 30-50 breaths/min. A flowing water heating pad was used to
maintain body temperature at around 37 ℃. Sterile eye lubricant was applied after each scan.
All scans were performed in the late afternoon.

Single voxel MEGA-PRESS spectra were acquired from the thalamus with voxel size 5 × 3 × 3
mm3. The Allen Brain Atlas was used as the reference for the placement of the voxel to ensure
that it was placed on and entirely captured the thalamus. The representative images
demonstrating the voxel placement at the thalamus are illustrated in Figure 43-A. Time course
studies conducted previously (Vanini et al., 2008) showed that compared to wakefulness,
isoflurane decreases GABA levels in the cat pontine reticular formation and become stable two
hours after dialysis probe insertion. In our study, to keep track of the changes in thalamic GABA
levels, four individual scans were acquired per mouse in a 2-hr time-course while the mouse
was anesthetized with isoflurane. The first MEGA-PRESS scan for each mouse (right after
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induction of isoflurane when all physiology monitors were in place) was defined as the initial
level.

For placement of the voxel, a multi-slice localizer was acquired in 4 min 36 sec (TE=3.447 msec,
TR=15 msec, the field of view 25 × 25 mm2, matrix 256 × 256, five slices with 100 µm thickness
for each of the three orthogonal directions). To achieve consistent voxel placement for each
animal, the position of the single voxel was carefully set up for the first mouse of the in vivo
study using the Allen Brain Atlas as the reference. The slice that went through the middle
section of the mouse brain was selected as the anatomical scan for voxel placement in each
orientation. For the coronal slice (Fig 43A-left), the voxel was placed with its long edges
perpendicular to the sagittal plane (the boundary between two hemispheres) of the brain, with
the upper long edge placed below the hippocampus and the lower long edge above the third
ventricle. For the axial slice (Fig 43A-right), the voxel was placed with its long edges
perpendicular to the sagittal plane, the upper long edge placed below the subfornical organ,
the lower long edge above the dentate gyrus and the short edges reaching toward the medial
boundary of the hippocampus on both sides. For the sagittal slice (Fig 43A-middle), the voxel
was placed parallel to the ventral side of the brain. The single voxel position/geometry from the
first mouse was further applied to all other mice. As each mouse was positioned at the same
location inside the scanner (adjusted by the Bruker AutoPac) with the same body position
(ventral side up), and the small variation in their body sizes, only minimal voxel geometry
adjustment was needed. Following placement of the single voxel, field map based nonlinear
shimming, linear shimming, water 1H frequency adjustment and water suppression were
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performed. These corrections were again performed at the start of each subsequent scan to
readjust scanner frequency drift and to ensure optimal signal detection. Shimming was
considered successful if FWHM of the unsuppressed water was below 25 Hz (0.0625 ppm).
Water suppression using VAPOR was manually optimized. A total of 640 averages with 4096
points per average were obtained (320 ‘On’ and 320 ‘Off’) for an acquisition time of 21 min 20
sec per scan. Water reference scans were acquired in a single shot before each acquisition.

4.2.3 Spectral Processing and Analysis
Bruker MEGA-PRESS spectroscopy raw data were processed in MATLAB 2015b (MathWorks,
Natick, MA). Original non-processed time-domain free induction decays (FIDs) were loaded
from file ‘rawdata.job0’ stored in each study folder under Bruker Paravision data directory.
After loading FIDs, first 68 points (Bruker default) of each transient of all repetitions were
removed to correct for the digitization group delay. A line broadening value of LB=12 Hz (0.03
ppm) was used (which provides the similar line broadening extent compared to human study at
3T). A fast Fourier transformation was applied with zero-filling to 215 data points. Before
running further analysis, we directly averaged every four consecutive ‘On’ or ‘Off’ spectra
respectively (i.e. NA = 4) to gain spectral SNR. The spectra used for frequency and phase drift
correction and spectral fitting had 80 ‘On’ and 80 ‘Off’’ spectrum respectively.

A.

Development and Implementation of Improved Frequency and Phase Drift Correction

A major limitation in JDE pulse sequences is that they depend on the subtraction of spectra to
reveal the edited resonance. Due to the overlapping resonances being an order of magnitude
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larger in intensity than the GABA resonance, small changes in scanner frequency and spectral
phase will lead to incomplete subtraction and distortion of the edited spectrum. The standard
approach in GABA editing is to apply frequency and phase drift correction of individual
frequency domain transient (Chen, Weng, Goh, & Garland, 2002; Rothman et al., 1993; Sawiak
et al., 2016) by fitting the Cr signal at 3 ppm. The major limitation of the Cr fitting based
correction method is that it relies highly upon the sufficient SNR of the Cr signal in the
spectrum.

To overcome this limitation, we tried to correct the frequency drift over a larger spectral
frequency range. Instead of adjusting the frequency drift by fitting the single Cr peak at 3 ppm,
we independently aligned each ‘Off’ power spectrum to the median ‘Off’ power spectrum by
maximizing their cross-correlation over a frequency range of 1.5-4.5 ppm. The frequency range
was selected to avoid the unstable residual water signal. The power spectrum was used for
frequency drift correction because it was independent of the spectral phase. The frequency
drift correction was implemented by modifying the open-source MATLAB program icoshift
(Savorani et al., 2010), by using the ‘Off’ power spectra as the program input and the median
‘Off’ power spectrum as the correction reference and setting the piece-wise correction intervals
to a single spectral interval at the range of 1.5-4.5 ppm.

Phase drifts between transients also lead to subtraction error. These shifts can arise from
animal motion, which creates field shifts that are not balanced out on either side of the spin
echo portion of the sequence; or from the motion of magnetic objects within the magnetic
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stray field (which was not observed in our study). The phase drift correction accuracy also
depends on SNR. To achieve accurate phase drift correction given the SNR available, we used
the algorithm ACME, proposed by Chen et al (Chen et al., 2002). This was the first time ACME
was applied in this context to process JDE spectra. In ACME, phase drift correction was achieved
by minimizing the spectral entropy, with the probability distribution used in the entropy
function defined as the normalized second derivative of the spectrum. ACME was shown to be
able to correct spectral phase effectively even in the presence of considerable noise (Savorani
et al., 2010). Phase drift correction was also performed over the frequency range of 1.5-4.5
ppm independently at each ‘Off’ transient. Only the zero-order phase term was considered
while solving the energy function and the first-order phase of the spectrum was fixed to zero
because the correct timing of the data acquisition window in the PRESS sequence had been
validated through phantom experiments (where no first-order phase was observed in the
phantom spectra). The phase drift correction was implemented using the open-source MATLAB
program ACME(Chen et al., 2002).

The same frequency and phase drift correction was applied to the corresponding ‘On’
spectrum. After the correction, time averaging was performed and the edited difference
spectrum was calculated.

Compared to the standard method - the Cr fitting based correction method, the proposed
method is referred to as the “unsupervised spectral based correction method” in this work.
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B.

Outlier Rejection

Time-resolved spectra were excluded before time averaging on the basis of being greater than
three standard deviations (SD) from the mean in anyone of the following metrics: the crosscorrelation to target spectrum, the frequency shift, and the zero-order phase. Rejections were
applied in a pairwise manner.

C.

Spectral Fitting.

Spectral fitting was achieved using the modeling algorithms proposed by the Gannet pipeline
(Edden et al., 2014), where the edited GABA signal at 3 ppm or the co-edited Glx signal at 3.75
ppm was fitted as a linear combination of the linear baseline and a single Gaussian peak, and
the Cr and choline (Cho) signals were fitted as a linear combination of the linear baseline and
sum of two Lorentzian peaks. Fitting of the unsuppressed water peak was achieved using a
single Gaussian-Lorentzian peak. The fitted Gaussian or Lorentzian peak area was used for the
quantification of each metabolite. The simple single-Gaussian model adopted by Gannet for
GABA quantification appears to be sufficient for typical MEGA-PRESS data, considering the
somewhat competing demands of parsimony and robustness (Edden et al., 2014). Through
spectral fitting, in addition to generating the metabolite amplitudes from the best-fit model
peaks, the fitting error in this paper was also calculated. The fitting error was generated as the
normalized residual (Edden et al., 2014) for each fit, i.e., the standard deviation of the fitting
residual divided by the amplitude of the fitted peak.
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In summary, our developed MATLAB program consists of two main modules: the data loading
module, which reads the Bruker time-domain raw data and processes it into a frequencydomain GABA-edited spectrum with frequency and phase drift correction; and the spectral
fitting module, which quantifies the metabolite concentrations including non-edited NAA, Cr,
Cho and unsuppressed water as well as edited GABA and Glx. The proposed MATLAB program is
also available on request.

D.

Statistical Analysis.

We used GABA/Cr to estimate the in vivo GABA levels. GABA concentration was normalized to
the Cr concentration from the same voxel to reduce inter-subject variance due to differences in
global signal strength and CSF fraction within the voxel. Linear regression analysis was
performed to test whether there is a linear relationship between the changes in GABA/Cr
(compared to the initial level) and the duration of anesthesia with isoflurane. We also
compared GABA/Cr of the last time point to the initial level using a paired sample t-test (onetailed) to see if there was a significant decrease in GABA levels after 2-hr anesthesia.

4.2.4 Evaluation and Comparison of Proposed Method and Cr Fitting Based Method for
Frequency and Phase Drift Correction
To examine the difference between the Cr fitting based correction and the proposed method
quantitatively, we compared the performance of the Cr fitting based correction and the
unsupervised spectral based correction at various SNR levels, using a simulated spectrum with
given frequency and phase drifts.
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A simulated mouse brain ‘Off’ mode spectrum was generated as a linear combination of
simulated metabolite bases to approximate the major peaks of the in vivo mouse spectrum at
the frequency range of 1.5-4.5 ppm. The metabolite basis set included simulated NAA, Cr and
Cho signals. First, metabolite bases with the same acquisition parameters as the in vivo
experiment (TE=68 msec; 215 data points; spectral width=4.1 kHz; FWHM=12 Hz (0.03 ppm); RF
offset=4.79 ppm; field strength=400 MHz) were simulated for NAA, Cr, and Cho respectively,
using ‘LCM basis set’ module of MATLAB toolkit NMRWizard (de Graaf, Chowdhury, & Behar,
2011). Second, the in vivo mouse brain ‘Off’ mode FID data acquired from a single subject was
fitted with the simulated metabolite basis set, as a sum of exponentially damped sinusoids in
the time-domain, using an in-house MATLAB implementation of the spectral fitting algorithm
VARPRO (van der Veen, de Beer, Luyten, & van Ormondt, 1988). Finally, we took the fitting
result in the frequency domain as the simulated, noise-free ‘Off’ spectrum (Figure 45).

Pre-defined frequency or phase drift was added independently to the simulated noise-free ‘Off’
spectrum, 𝑆, to simulate a drifted noise-free spectrum, 𝑆 ′ . The frequency errors, 𝑓 𝑖 =
𝑖

(100) × 40𝐻𝑧 − 20𝐻𝑧, 𝑖 ∈ [0,1,2, … ,100], were defined as 101 evenly spaced frequency drifts
𝑖

between −20𝐻𝑧 and +20𝐻𝑧. The phase errors, ∅ 𝑖 = (100) × 60° − 30° , 𝑖 ∈ [0,1,2, … ,100]
，were defined as 101 evenly spaced phase drifts between −30° and +30° . Those terms were
chosen to cover the frequency or phase drift ranges observed in the in vivo experiments (Table
1). To approximate a range of different SNR conditions, normally distributed zero-mean random
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noises were added to both the original spectrum 𝑆 and the drifted spectrum 𝑆 ′ , with SNR
values (measured as the Cr peak amplitude divided by the standard deviation of the added
noise in the frequency domain) of 20, 10, 5 and 2.5. At each SNR, ten simulated datasets were
generated for each frequency or phase drift. The frequency or phase drift correction was
performed on each dataset using the Cr fitting based correction method, as well as the
unsupervised spectral based correction method. To evaluate the performance, we measured
the frequency and phase estimation errors at the four different SNRs for each method. The
estimation error was defined as the absolute difference between the estimated drift and the
actual drift.

4.2.5 Imaging Glx Abnormality in Prodromal Schizophrenia
A.

Subjects

A cohort of 75 help-seeking individuals at CHR for psychosis, ages 15-30, was ascertained using
the Structured Interview for Psychosis Risk Symptoms SIPS (3) between April, 2012 and April,
2017 at the Prodromal Clinical (Center of Prevention and Evaluation: COPE) at the New York
State Psychiatric Institute and followed for approximately two years. Subjects were enrolled if
they met criteria for at least one of the psychosis-risk syndromes, as defined by the SIPS (3): 1)
Attenuated Positive Symptom Psychosis-Risk Syndrome (APSS); 2) Genetic Risk and
Deterioration Psychosis-Risk Syndrome (GRDS); and/or 3) Brief Intermittent Psychotic
Psychosis-Risk Syndrome (BIPS), though all CHR subjects met criteria for APSS. Of note, all 75
patients met criteria for the APSS, defined as having one or more Positive symptoms scored 3-5,
which is new or has worsened by ≥1 point in the past year, and no score of 6 on a Positive
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symptom has ever been achieved. As per the SIPS, a diagnosis of psychosis requires a 6 on ≥1
Positive symptom at a frequency of one hour daily for 4 days per week for a month, or that a
positive symptom is severely disorganizing, or endangers oneself or others. CHR participants
were seen for follow-up SIPS and clinical interviews every 3 months for up to 2 years or
whenever a diagnosis of psychosis was suspected. Post-conversion diagnoses were established
by a consensus of COPE psychologists and/or psychiatrists. SIPS administrators were certified
and established scoring consensus.

Seventy-five patients and 19 healthy controls were recruited to participate in the MRI study
(Table 2). For 1H-MRS, subjects were imaged with a 3T Phillips Achieva MR scanner single voxel
MEGA-PRESS MR spectra were acquired from the left hippocampus to estimate hippocampal
glutamate concentration.

We were able to acquire MRS data on 55 patients and 17 controls.

B.

1

H-MRS Acquisition

For the detection of Glx, 1H-MRS spectra were selectively acquired from a 40 x 25 x 20 mm3
voxel of interest positioned at the left hippocampus (Figure 41-A). The anatomical T1-weighted
MPRAGE scan was acquired for the single voxel placement using the MEGAPRESS method
(Mescher et al., 1998; Rothman et al., 1993). A total of 60 spectral repetitions with the number
of averages of 8 were acquired for each subject with a TR of 2000 ms, an echo time of 68 ms. 30
‘Off’ and 30 ON spectra (‘Off’ first) were collected in an interleaved fashion. MEGA-editing was
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achieved using the 14 ms Gaussian editing pulses applied at 1.9 ppm (‘On’ scans) and 7.5 ppm
(‘Off’ scans) in alternate spectral lines. Unsuppressed water spectrum was acquired with 8
averages and the water suppression was achieved using the VAPOR technique. Second-order
‘pencil beams’ automated shimming (PB-Auto) was conducted to reduce the magnetic field
inhomogeneity.

C.

1

H-MRS Spectra Processing and Analysis

The pre-processing and the frequency and phase drift correction of MR spectra were performed
using our newly optimized tools (Guo et al., 2017) (with a standard exponential line broadening
of 4 Hz), followed by MR spectral quantitation as described previously. Estimated peak areas in
the frequency domain were used to quantify the Glx peaks at 3.75 ppm in the difference
spectra and the total creatine (Cr) peaks at 3 ppm in the summed spectra (Fig 1a). Glx/Cr ratios
were calculated for each subject. Glx/Cr provides a reliable Glx concentration estimation and
reduces the inter-subject variability, as Cr level is considered stable. Cr also has the advantage
over water since it was acquired simultaneous with GABA from the same voxel, which has no
chemical shift displacement artifact and this Glx/Cr is insusceptible to the gray matter volume
variance in the MRS acquisition voxel of each subject.

For 1H-MRS analysis, 11 patients and 3 healthy controls had insufficient spectral quality and
failed the spectral fitting. Those participants were excluded from the statistical analysis of Glx.

4.3 Results
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4.3.1 In Vitro Phantom Study at 9.4T
In vitro phantom results are demonstrated in Figure 42. Expected spectra shapes (from the
‘On’, ‘Off’ and ‘Diff’ spectra) were observed for both Cr and GABA phantoms as shown in Figure
42-A and 42-B. GABA editing efficiency of 49.45% was achieved using a 50 mM GABA solution.
Editing efficiency was defined as half of the ratio between the areas under the GABA peaks at 3
ppm in the ‘Diff’ spectrum to the areas under the GABA peaks at 3 ppm in the refocused ‘On’
spectrum (with 50% indicating perfect editing). Excellent agreement between the GABA
concentrations determined analytically and the detected GABA signals at 3 ppm from the ‘Diff’
spectrum was noticed with the squared correlation coefficient R2>0.999 as shown in Figure 42C.

(Guo et al., 2017)
Figure 42 In vitro results of Meshcher–Garwood point‐resolved spectroscopy (MEGA‐PRESS)
editing for γ‐aminobutyric acid (GABA) solutions.
A. Effect of the editing pulses on the creatine (Cr) signal at 3.02 ppm. B. Effect of the editing
pulses on the GABA signal at 3 ppm. C. GABA peak area versus GABA concentration

4.3.2 In Vivo Animal Study at 9.4T
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Figure 3-A illustrates the voxel placement at the mouse thalamus for MEGA-PRESS acquisition
in horizontal, sagittal and coronal sections. Figure 43-B shows the typical in vivo spectra
acquired from the thalamus of a single subject in our study. Consistently high spectral quality
and high sensitivity to GABA were achieved for all the spectra.

(Guo et al., 2017)
Figure 43 In vivo results of Meshcher–Garwood point‐resolved spectroscopy (MEGA‐PRESS)
editing for the mouse thalamus.
A. Voxel placement at the mouse thalamus. B. Representative diagrams of in vivo MEGA‐PRESS
editing at the mouse thalamus.
Cr, creatine; GABA, γ‐aminobutyric acid; Glx, glutamate/glutamine; NAA, N‐acetyl aspartate

The quality of in vivo data collected was determined using per-average SNR values of the ‘Off’
spectra after frequency and phase corrections. The signal was calculated as the metabolite peak
amplitude of Cr, and the noise was calculated as the SD of the first 5,000 data points at the
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frequency range of 8.2-9.8 ppm. The frequency drift and phase drift were also reported as a
way to quantify scan stability. Table 1 lists the minimum per-average SNRs (calculated after
averaging every four consecutive spectra with NA = 4), and also reports maximum drifts
(determined using the proposed method). The results were reported as the mean ± SD for each
time point across nine subjects.
Time 1

Min. SNR
8.49 ± 1.08

Max. Frequency Drift (Hz)
9.51 ± 5.88

Max. Phase Drift (Deg.)
19.25 ± 7.99

Time 2
Time 3
Time 4

8.55 ± 0.89
8.89 ± 1.42
8.53 ± 1.48

3.58 ± 1.97
3.69 ± 4.04
2.49 ± 2.17

15.87 ± 10.12
15.02 ± 7.84
13.33 ± 6.121

(Guo et al., 2017)
Table 1 The minimum per-average SNRs and the maximum drifts (determined by our proposed
method) of the in vivo spectra. Data was reported as mean ± SD for each time point across nine
subjects.

Figure 44-A plots the time-course of in vivo thalamic GABA levels during anesthesia. The graph
shows continuous decays in GABA/Cr within the 2-hr scan session. A significant decrease
(slope<0; p=1.28e-09) of GABA/Cr can be observed from the linear regression analysis. We also
compared GABA/Cr from the last time point to the initial level using a paired samples t-test
(Figure 44-B) and a significant 37.6% decrease (p<0.0001) of GABA/Cr was noticed. Table 2 lists
the estimated GABA and Cr peaks areas, the GABA/Cr levels, the FWHMs and the fitting error of
GABA and Cr peaks for the in vivo spectra. Data was reported as the mean ± SD for each time
point across nine subjects.
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GABA

Cr

GABA/Cr (%)

FWHM (GABA)

Time 1

58.04 ± 7.83

871.11 ± 59.19

6.66 ± 0.76

Time 2

51.39 ± 4.02

895.78 ± 68.14

Time 3

44.80 ± 5.58

Time 4

37.85 ± 4.94

FWHM

(Cr)

Fit. Accuracy
(GABA)

Fit. Accuracy
(Cr)

14.30 ± 4.19

15.68 ± 3.01

93.12 ± 2.02

97.79 ± 0.41

5.76 ± 0.51

14.73 ± 4.56

15.95 ± 3.26

93.49 ± 2.38

97.27 ± 0.47

909.89 ± 80.51

4.97 ± 0.84

14.69 ± 6.68

15.71 ± 4.13

93.74 ± 3.14

97.05 ± 1.04

917.11 ± 78.99

4.15 ± 0.63

13.41 ± 2.43

14.50 ± 3.99

91.54 ± 3.79

97.14 ± 0.76

(Guo et al., 2017)
Table 2 The estimated GABA and Cr peaks areas, the GABA/Cr area ratios, the FWHMs for
GABA and Cr peaks, and the fitting accuracy for GABA and Cr peaks of the in vivo spectra. Data
was reported as mean ± SD for each time point across nine subjects.
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Figure 44 Comparison between the proposed unsupervised spectral‐based correction and the
standard creatine (Cr) fitting‐based correction method.
A. Voxel displacement on the mouse thalamus. B1. Regression analysis (red line) of relative
differences to the initial level demonstrated that GABA/Cr was significantly decreased by
isoflurane during anesthesia, with a negative slope (p=4.4441e-07). ΔGABA/Cr represents the
relative differences to the initial GABA/Cr at each time point. B2. Box plots of GABA to Cr ratios
at the initial level and three time-points post anesthesia. Student t-test showed significant
decreases at both 1.5-hr and 2-hr after anesthesia compared to the initial level. B3. Regression
analysis (red line) of relative differences to the initial level demonstrated that Glx/Cr was
significantly increased by isoflurane during anesthesia, with a positive slope (p=5.7137e-05).
ΔGABA/Cr represents the relative differences to the initial GABA/Cr at each time point. B4. Box
plots of Glx to Cr ratios at the initial level and three time-points post anesthesia. Student t-test
showed significant decreases at 0.5-hr, 1.5-hr and 2-hr after anesthesia compared to the initial
level.
(* p<0.05, ** p<0.01, ***p<0.001)
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4.3.3 Performance Comparation of the Spectral Drift Correction Methods
Figure 45 shows an example of the ‘Diff’ spectrum from one subject using the non-corrected
data (Figures 45-A, 45-B), the result from the Cr fitting based correction method, and the result
from the proposed method (Figures 4-C, 4-D). The proposed method gave better frequency and
phase drift correction and smaller subtraction errors compared with the results using the
standard Cr fitting based correction. The edited spectrum using the proposed method had
improved GABA SNR and linewidth compared with the Cr fitting based correcting method
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(Guo et al., 2017)
Figure 45 Comparison of frequency and phase drift correction methods.
(A) Averaged ‘Off’ spectrum from one scan of a single subject without correction. (B) Averaged
‘Diff’ spectrum from one scan of a single subject without correction. (C) Averaged ‘Off’ spectrum
after frequency and phase correction using the creatine (Cr) fitting‐based method (black line)
and the proposed method (red line). (D) Averaged ‘Diff’ spectrum after frequency and phase
correction using the Cr fitting‐based method (black line) and the proposed method (red line).
Cr, creatine; Cho, choline; GABA, γ‐aminobutyric acid; Glx, glutamate/glutamine; NAA, N‐acetyl
aspartate

Figure 46 shows the simulated ‘Off’ spectrum overlapped with the real ‘Off’ spectrum acquired
from a single subject at the frequency range of 1.5-4.5 ppm.
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(Guo et al., 2017)
Figure 46 The simulated spectrum (red line) to approximate a noise‐free version of the in vivo
‘Off’ spectrum (black line).
Cr, creatine; Cho, choline; NAA,N‐acetyl aspartate

Figures 47-A and 47-B show examples of the simulated spectrum with a SNR of 20 and the
same spectrum with a frequency drift and a phase drift. Figures 6-C and 6-D show the same
spectrum, following frequency and phase drift correction using our proposed method.
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(Guo et al., 2017)
Figure 47 Frequency and phase drift correction using the proposed unsupervised spectral‐based
correction at a signal‐to‐noise ratio (SNR) of 20.
A. Simulated ‘Off’ spectrum (black line) and the same spectrum plus a frequency drift of 20 Hz
(red line). B. Simulated ‘Off’ spectrum (black line) and the same spectrum plus a phase drift of
30° (red line). C. Simulated ‘Off’ spectrum (black line) and the frequency drift‐corrected
spectrum with an estimated frequency drift of 19.64 Hz (red line). D. Simulated ‘Off’ spectrum
(black line) and the phase drift‐corrected spectrum with an estimated phase drift of 30.15° (red
line).

Figures 48-A and 48-B show, respectively, the drift correction estimation errors of the Cr fitting
based correction method and the unsupervised spectral based correction method at four SNR
levels. Each bar represents the average error across ten simulated datasets for all 101 drifts. For
simulated datasets with SNRs of 20, 10, 5 and 2.5, respectively, the frequency estimation errors
were 0.34, 0.60, 1.41 and 3.59 Hz for the Cr fitting based correction method; and 0.18, 0.38,
0.77 and 1.83 Hz for the proposed method. The phase estimation errors were 3.11, 6.56, 13.15
and 29.75 degrees for the Cr fitting based correction method; and 1.07, 1.98, 2.68 and 3.89
degrees for the proposed method.
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(Guo et al., 2017)
Figure 48 Comparison between the proposed unsupervised spectral‐based correction and the
standard creatine (Cr) fitting‐based correction method.
A. Bar graph showing the frequency estimation error (in Hz) and its standard deviation of the Cr‐
based method and the proposed method. SNR, signal‐to‐noise ratio. B. Bar graph showing the
phase estimation error (in degree) and its standard deviation of the Cr‐based method and the
proposed method

4.3.4 In Vivo Human Study at 3T
For the detection of Glx, 1-H MR spectra were selectively acquired from a 40 x 25 x 20

3

voxel of interest positioned at the left hippocampus (Figure 49, top). A representative example
of the spectra is shown to illustrate the data quality (Figure 49, bottom).
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Figure 49 Magnetic Resonance Spectroscopy (MRS) measures hippocampal glutamate +
glutamine (Glx).
The voxel placed over the left hippocampus (indicated in red) is shown in a sagittal (left upper
image) and coronal (right upper image) scan. An example of the spectra is shown, and postacquisition the amplitude of Glx (left spectra), Choline (‘Cho’ right spectra), and Creatinine (‘Cr’
right spectra) is measured.

A linear regression model was used to compare the hippocampal Glx levels between patients
with attenuated psychotic symptoms to controls, controlling for age and sex as covariates
(Figure 50). The difference between patients and controls was observed for hippocampal Glx,
with elevations found in patients (mean for controls = 8.8, mean for patients = 10.1; Cohen’s d
effect size (ES) = 0.995, p= 0.0007).
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Figure 50 Hippocampal glutamate abnormality of patients with attenuated psychotic symptoms
vs. controls
A. Compared to controls, patients were found to have dominant elevations of Glx. B. Example
spectra of a patient (red) and control (blue), illustrating the Glx elevation in patients, and
no difference in choline and creatinine.
(* p<0.05; ** p<0.01)
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4.4 Supplementary*
4.4.1 MRSMouse - An Analytic Pipeline for Processing and Analyzing JDE MRS Spectra
In summary, the proposed Matlab program in the previous section consists of two main
modules: the data loading module, which reads the Bruker time-domain raw data and
processes it into a frequency-domain GABA-edited spectrum with frequency and phase drift
correction; and the spectral fitting module, which quantifies the metabolite concentrations
including non-edited NAA, Cr, Cho and unsuppressed water as well as edited GABA and Glx.

The Matlab framework described in 3.2.3 was designed to process spectra of each single scan
and quantifies the levels of metabolites using a pipeline that is similar to most MRS processing
software (Mullins et al., 2014). Even though some can run batch mode to automatically load
multiple sessions (Edden et al., 2014), each scan was analyzed individually.

Using the same sequence (i.e., for GABA-editing or 2HG-editing), MRS scans from different
subjects, or different sessions of the same subject longitudinally, can have different receiver
gain (scaling), water suppression, phase, frequency shift, bandwidth, signal-to-noise ratio (SNR)
and etc. Therefore, a direct comparation between metabolite quantities can be biased by the
inter-subject/inter-session (inter-scan) variances from sources listed above or simply because of
the difference in CSF fraction within the acquired voxel. If those variances get too large, chance
of detecting small metabolic changes in vivo vanishes due to the loss of sensitivity, which is
exactly the case in MEGA-PRESS in vivo study of small animals where the targeting metabolites
(i.e., GABA, Glx, and 2HG) have intrinsically low concentrations in the brain.
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To address those issues, I developed a Matlab toolkit called MRSMouse in order to load process
and quantify the MEGA-PRESS spectra acquired from the mouse brain using Bruker 94/20
system with very little user intervention. MRSMouse is consisted of two main modules,
MRSMouseLoad and MRSMouseFit. MRSMouseLoad reads Bruker raw data, converts the raw
data into the Matlab matrix format and performs automated preprocessing. The processed
spectra are then passed to the second module, MRSMouseFit. MRSMouseFit first loads the
simulated basis set relevant to the given JDE type (i.e., GABA-editing, GSH-editing, 2HG-editing
or etc.), then performs automated spectra fitting. At last, after spectra processing and fitting,
MRSMouse will generate a detailed report of the input MEGA-PRESS MRS data including both
quality assessment (QA) and the metabolite quantification results.

A.

Spectral Loading and Preprocessing Module: MRSMouseLoad

Image registration is used extensively (Avants et al., 2011; Oliveira & Tavares, 2014) when
dealing with MR Neuroimages. This technique brings images into a common spatial coordinate
in which each voxel corresponds to a predetermined anatomic entity and is necessary for
automated group-wise analysis of data across scans. In this work we present an automated
MEGA-PRESS spectrum analytic tool that is designed to enable an unbiased evaluation of interscan spectra. First an unbiased, inter-scan template is generated by iteratively aligning all input
spectra to a template using a symmetric robust registration method in the frequency domain.
Because of this simultaneous co-registration of all spectral points across scans, further spectra
quantification and analysis can be performed in a normalized spectral space across scans which
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help reduce variability of several procedures. Furthermore, the median spectra functions as a
robust template approximating the in vivo metabolite profile, averaged across scans, and can
be used as an estimate to initialize the spectral fitting algorithm.
N spectra as input, 𝑆 , 𝑛 ∈ 1, 𝑁
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Figure 51 Overview of the proposed spectrum registration algorithm.
Step 1 (blue), an (initial) template is generated as the median of all input spectra. The phase
of the template is corrected through spectral Entropy-minimization (REF) and its frequency is
corrected by calibrating the 2.0 ppm NAA peak. Step 2 (red), the input spectra are registered
to the template by minimizing their sum-of-squared-residuals through phase, frequency or
bandwidth adjustments. An updated template is generated as the median of the co-registered
spectra (back to step 1) and a new iteration starts until stop criteria satisfied. Algorithm
outputs are the registered spectra and an optimal spectrum template.

Given a single MEGA-PRESS scan, multiple repetitions were acquired to gain signal to noise
ratio. We first run within-scan spectrum registration for each subject to move out the between-
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repetition variances (i.e., phase/frequency drift) using the 20 ‘Off’ spectra as input. After
within-scan spectrum registration, averaged -’Off’ spectrum, -‘On’ spectrum and -edited
spectrum were generated for each scan. Then we continued with inter-scan spectrum
registration for all scans obtained, to move out the between-scan variances (phase, frequency
and bandwidth differences) using their averaged ‘Off’ spectra as the input. During inter-scan
spectrum registration, we also had the option to address the signal scaling issue by adjusting
the 2.0 ppm NAA peaks in each scan to have the same amplitude. The spectrum registration for
both steps used the ‘Off’ spectra as input; and same adjustments were applied to their pairwise ‘on’ spectra, so that the co-registered GABA-edited spectra can be generated as the
averaged difference (‘On’-’Off’).

As illustrated in Figure 51, the automatic spectrum registration algorithm involves two steps
and runs recursively till the template converges: step 1 (blue), template construction; step 2
(red), spectrum registrations. The automatic process stops if the relative difference of the
templates generated from two successive iterations is below a threshold, or the number of
iterations reaches the predefined upper-bound. With this robust spectrum registration, an
unbiased, median template is generated by iteratively aligning all input spectra in the frequency
domain and a simultaneous co-registration of all spectral is achieved.

Examples of within-scan and inter-scan registration are shown in Figures 52-53, respectively.

117

B

Registered Spectra (Off)

D

Spectrum Template (Off)

F

Amplitude (a.u.)

Amplitude (a.u.)

E

Registered Spectra (Diff)

Spectrum Template (Diff)

Amplitude (a.u.)

Amplitude (a.u.)

C

Input Spectra (Diff)

Amplitude (a.u.)

Input Spectra (Off)

Amplitude (a.u.)

A

ppm

ppm

Figure 52 Results of within-scan spectrum registration.
A. The input ‘Off’ spectra from a single scan. B. The input ‘diff’ spectra from the
corresponding single scan. C. registered ‘Off’ spectra. D. registered ‘diff’ spectra. E. Initial
template and optimal template of the ‘Off’ spectra. F. Initial template and optimal template
of the ‘diff’ spectra. The optimal template is constructed with corrected phase and
frequency, narrower linewidth and more symmetric Lorentzian lineshape.
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Figure 53 Results of inter-scan spectrum registration.
A. The input ‘Off’ spectra from multiple scans. B. The input ‘diff’ spectra from the
corresponding scans, C. registered ‘Off’ spectra. D. Registered ‘diff’ spectra. E. Initial
template and optimal template of the ‘Off’ spectra. E. Initial template and optimal template
of the ‘diff’ spectra. (E*, F*) The zoom-in views of E and F showing the optimal templates
have narrower linewidth and more symmetric Lorentzian lineshape.

B.

Spectral Fitting and Quantification Module: MRSMosueFit

For in vitro phantom MR spectrum with much narrower linewidth than the in vivo spectrum,
fitting GABA or Glx signals using a simple single-Gaussian method is apparently not preferable.
For the in vivo spectrum where GABA has a wider linewidth, the previous work (Edden et al.,
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2014) showed that there was no clear difference in the GABA fitting performance between the
simple Gaussian model used by Gannet and the other more complex models presented, i.e.,
double-Gaussian, double-Lorentzian, etc. But spectral fitting with the single-Gaussian model
can become a limitation of the overall method when the in vivo GABA signal has a narrower
linewidth. Still some improvements in quantitation may be possible by using the simulated
GABA resonances for GABA fitting instead of using the simple single-Gaussian peak.

Figure 54 Overview of the proposed MEGA-PRESS spectral fitting algorithm.

With this concern in mind, in MRSMouse, I have implemented a different spectrum fitting
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algorithm than Gannet (Figure 54). Spectral fitting was done using the module MRSMouseFit
with the principle that a measured 1H NMR spectrum can be approximated as a sum of each
individual constituent metabolite 1H NMR spectrum. GABA and Glx concentrations were
determined by fitting the edited ‘Diff’ spectrum with simulated edited GABA and Glx spectra at
2.5-4.3 ppm. Cr and choline concentrations were determined by fitting the ‘Off’ spectrum with
simulated Cr and choline spectra at 2.8-3.4 ppm.

Simulated basis set was generated by NMRWizard (de Graaf et al., 2011) (Figure 54, colorcoded spectra). The nonlinear fitting problem as shown in Figure 54 was solved using a
nonlinear optimization approach - VARPRO (van der Veen et al., 1988).

Quantification of thalamic GABA and Glx levels were successfully obtained (Figure 55).
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Figure 55 MRSMouseFit spectral fitting results of all 36 GABA-edited MEGA-PRESS ‘diff’
spectra (9 mice X 4-time points).
Each GABA-edited spectrum (blue) was fitted (red) using simulated basis set including GABA
and Glx (Glu/Gln = 4/1) and a smooth spline to model the baseline (magenta). Spectral fitting
was successfully obtained with fitting error smaller than 7.5% for each case and the fitting
residue is showing in black. GABA peaks are located at 3 ppm and Glx peaks at 3.75 ppm. All
spectra were displayed on the same amplitude scale. Smooth spline baseline correction will be
added to MRSMouse2.0.
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Figure 56 shows the time-course of thalamic GABA and Glx levels during anesthesia. Isoflurane
caused a significant decrease in GABA levels as reported previously and a significant increase in
Glx levels.
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Figure 56 Examine the influence of isoflurane on mouse thalamic GABA and Glx levels.
A Single voxel at mouse thalamus with size 5 x 3 x 3 𝑚𝑚3 . B Paired t-test showed significant
higher initial GABA levels compared to the following up scans (3rd and 4th time points). C.
Paired t-test showed significant lower initial Glx levels compared to the following up scans
(3rd and 4th time points). (* p<0.05; ** p<0.01)

For in vivo MEGA-PRESS data of mouse brain, the limited S/N and the variety sources of
variance put the standard spectra processing approach at a disadvantage. In the present study
we proposed a spectrum registration-based pipeline for in vivo MRS quantification in a fully
automated fashion. Freely available toolkit, MRSMouse2.0, will be released with the aim of
robust automatic processing and quantification of small animal MEGA-PRESS in vivo data.
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Targeting metabolite levels can be quantified by normalizing them to NAA or Cr concentrations
in the process. MRSMouse2.0 has been designed with a user friendly graphical user interface
(GUI) (Figure 57), except for the requirement of a few necessary parameters input from user;
the software operates in a fully automated fashion without additional user interventions.
MRSMouse can run with a single file as the input or with multiple files as the input in a batch
mode. When the single file mode is selected, only within-scan spectrum registration will be
triggered; while if a batch mode is selected when loading a folder with multiple scans, both
within-scan and inter-scan registrations will be executed automatically in the MRSMouseLoad
module. Once the spectra preprocessing and fitting are both completed, a detailed report
together with an excel file will be saved for each scan, which user can use for either QA or run
statistical analysis of the targeting metabolites.

Figure 57 MRSMouse2.0, the proposed GUI design. MRSMouseFit module will add the option
of smooth spline-based baseline correction.
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5 Chapter 5: Discussion and Conclusion
5.1 Specific Aim 1
In our study, we focused on the functional distinction of cerebral capillaries. It is well known
that the brain lacks fuel stores and thus requires a continuous supply of glucose. Glucose is
virtually the sole fuel of the cerebral energy metabolism, except during prolonged starvation.
The brain consumes about 120 g glucose daily, which corresponds to an energy input of about
420 kcal (1760 kJ), accounting for some 60% of the utilization of glucose by the whole body in
the resting state(Berg JM, 2002). In short, capillaries, as the only transporting media of glucose
into the brain tissue, are crucial to maintain cerebral energy metabolism.

During the last few decades, there is a rich body of literature that has tried to better
understand the link between capillaries and the resting-state cerebral energy metabolism.
Apart from the compelling findings published previously, we were most interested in answering
the following question: How the scaling of the geometry of capillaries, such as the capillary
density, reflect the scaling of functional neural characteristics, such as neural/synaptic density?
In setting out to address this overarching question, we were informed by prior studies that have
shown that cerebral capillary density correlates with glucose energy metabolism in the brain,
and that cerebral blood volume (CBV) reflects capillary density

In specific aim 1, we relied on these previous relationships to generate a testable model to link
capillary density and synaptic density in the mouse neocortex. CBV-MRI techniques including
both acquisition protocol and post-acquisition analysis have been carefully optimized with
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several issues in mind. First, we needed to be sure that CBV signal is selectively sensitive to the
microvasculature. We have addressed this issue using T2-weighted imaging protocol with an
exogenous contrast agent Gadodiamide at 10mM followed by a novel macrovessel filtering step
in post-processing. Second, we needed a quantitative readout of CBV. We have addressed this
concern by normalizing the estimated CBV in the brain parenchyma against a voxel that
contains only blood, therefore an absolute measurement of CBV is obtained. Third, we needed
CBV-MRI scans with the microscopic spatial resolution. We have addressed this concern using a
9.4T small animal magnet equipped with high sensitivity coil and high gradient performance
and conducting IP injection of the contrast agent. Finally, due to the curved anatomy structure
of the mouse cortex, CBV-MRI data sampled in the Euclidean space cannot be interpreted along
the underlying laminar layers or cortical columns directly, therefore we needed a new way to
both visualize and quantify measures span the entire cortical mantle as well as across it laminar
layers. We have addressed the last issue using a novel approach called MouseStream.

We were able to demonstrate that the neuronal density map (ABA atlas) and our CBV map
shared a highly similar sparse architecture at multiple cortical regions and cross the laminar
layers using MouseStream. Highest intensity co-localized with the well-known functional
modules in the mouse cortex when we looked at both neuronal density and CBV maps. We
then performed quantitatively analysis to confirm this observation. Remarkably, CBV follows
the neuronal density distribution both span the cortical areas and across the layers for the
majority part of the cortex. A bimodal distribution has been reported in our results when we
tried to cluster different cortical regions according to their ‘neural-capillary’ coupling strength
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(defined as their Logarithm ratio). In general, all sensory cortices tend to have a tighter
‘coupling’ while the medial temporal lobe showed a different relationship where the capillary
density is relatively lower than the sensory cortices. While the reason remains unknown, for
this intriguing observation, synapses consume a bulk of metabolic energy, roughly 50-90 %
during most of the developmental process (except human temporal cortex < 50 %) (Karbowski,
2012).

Besides clarifying the cytoarchitecture vs. functional organization of the cortex, we believe that
the more important application of the reported MRI tools is their ability to map functional
changes over time. We have demonstrated this ability with a whisker-cutting paradigm to
pinpoint local CBV changes that match changes in synaptic density reported previously. These
tools will never compete with the fidelity provided by in vivo electrophysiology and confocal
microscopy that directly visual changes in synaptic activity and synaptic density. Nevertheless,
the MRI tools have the advantage of allowing slow functional brain changes to be mapped
investigating in vivo. While we demonstrate this using mouse models, we note that these
technologies are easily translated to humans. The reported tools are distinguished by their
ability to interrogate the full spatial extent of the cortical surface and its layers. Additionally,
the noninvasiness and accuracy of the reported MRI tools are ideally suited for tracking
longitudinal changes in the same mice over time and across their full lifespan, which represents
a significant experimental advantage.

Our results indicate there are both anatomical and slow functional change proportionate
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characters in the ‘synaptic-capillary’ coupling.

Our study has implications for expanding the understanding of the ‘neural-capillary’ coupling, in
particular the relationship between brain cytoarchitecture, metabolism, and its underlying
microvasculature. The results are highly relevant for research involving the microvascular basis
of brain functional imaging studies, which use relationships between capillary density and
synaptic density to decipher regional slow energy metabolic changes.

Importantly, there are several ways to improve our current approach through future work.
First, the ABA EGFP STP brain template we used for the 3D whole cortical neural/synaptic
cytoarchitecture was constructed using AAV tracer expresses cytoplasmic EGFP, which labels all
processes of the infected neuron, including axons, dendrites, and synaptic terminals. This likely
reflects synaptic density with a very high fidelity given the fact that synaptic density is
proportional to the density of neuron processes. However, a synaptic specific enhance would
be more preferable. As mentioned in the literature, this template could also be enhanced with
more systematic mapping using synaptic-terminal-specific viral tracers in the future. Once this
new ABA atlas becomes available, we could easily apply our established CBV-MRI imaging
protocol and the tailored automated post-tools (including the MouseStream module) to directly
compare the capillary density mapped by CBV-MRI to synaptic density mapped by the EGFP
enhanced synaptic-terminals (using age, gender, genotype matched animals). Second, we
would like to perform both synaptic and CBV studies on the same animals by repeating the
whisker cutting experiment.

128

5.2 Specific Aim 2
Relying on the high-resolution capabilities of CBV mapping with MRI, our first study in retromer
deficient mouse models suggests that TEC is a specific sub-region in the MTL that most sensitive
to defects of endosomal trafficking. Our findings establish that CBV-MRI is a well suited in vivo
functional imaging technique for mapping slow changes associated with AD in the entire brain
longitudinally, by pinpointing local changes in synaptic density associated with endosomal
recycling dysfunction at the cellular level.

In fact, based on a convergence of evidence, endosomal trafficking dysfunction has
emerged as a unified cell-biological driver of AD (Scott A. Small et al., 2017), primarily
reflecting defects in endosomal recycling. From the molecular point of view, although our
findings suggest that the observed TEC functional abnormality is related to Vps26B mutations,
specific cellular and molecular mechanisms mediating this potential link remain unknown.
Nevertheless, our findings open the possibility of exploring in more detail the role of the rule of
endosomal trafficking in AD pathogenesis, and its potential as a target for drug discovery.
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5.3 Specific Aim 3
MEGA-PRESS Study at 9.4T
The consistently high quality and sensitivity to GABA observed for all spectra from each mouse
indicates the feasibility of MEGA-PRESS in mice at 9.4T in combination with automated
frequency and phase drift correction and spectral fitting of GABA.

In vivo MRS commonly has frequency and phase drift problem during the acquisition of spectra.
These problems, if not addressed properly, can result in spectral line shape distortion and
artifactual metabolite peak broadening in the spectrum. Our results suggest that the proposed
unsupervised spectral based correction method can accurately estimate both frequency drift
and phase drift and correct them, even at a considerable high noise level. We evaluated our
proposed method by comparing it to the standard Cr fitting based method. Specifically, we
compared the ability of each method to accurately estimate the frequency drift and phase drift
in the simulated MR spectrum in which the drifts are known, and at various SNR levels. Our
proposed method outperformed the Cr fitting based correction method at all SNR levels tested.
We noticed the performance of the Cr fitting based correction method is limited when the
spectral SNR is smaller than 10, and the performance of the proposed method for drift
correction is limited at the lowest SNR of 2.5 (when the spectrum is dominated by noise). For in
vivo MEGA-PRESS data of the mouse brain, the limited SNR puts the standard Cr fitting based
correction method at a disadvantage.

As we discussed, before spectral averaging, we performed frequency and phase drift correction
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for each spectrum. In our study, the raw individual spectrum has a limited SNR (~4-5), which
makes the correction method less accurate if we run the correction on individual spectrum
directly. We directly averaged every four individual ‘On’ or ‘Off’ spectra respectively before
frequency and phase correction since these drifts for four adjacent spectra were negligible. This
procedure doubled the SNR of the spectra used for frequency and phase correction, which
provided a sufficient SNR (~8-10) for more accurate frequency and phase drift estimations.

Similar to our proposed method, a recently published method, spectral registration (Near et al.,
2015), is also able to overcome the limitations of the Cr fitting based correction method, by
registering each spectrum with a reference spectrum to correct the frequency and phase drift.
As a supervised method, one characteristic of ‘spectral registration’ is that it requires a
frequency and phase drift-free reference scan as the ground truth. In comparison, as an
unsupervised method, our proposed approach operates in a fully automated fashion without
additional information provided by the user.

All observed data were processed using the in-house MATLAB-based program. GABA levels can
be quantified relative to NAA, Cr, Cho or the unsuppressed water. In this study, we chose Cr as
the internal reference, as it is considered stable (Boretius, Tammer, Michaelis, Brockmöller, &
Frahm, 2013; Du et al., 2009). Cr peak at 3 ppm sums up very similar compounds creatine and
phosphocreatine, which cannot be distinguished even at high magnetic field. Some studies
refer to it as the total creatine (Cr). Cr peak also has the advantage over the unsuppressed
water since it was acquired simultaneously with GABA at the same voxel so that Cr shares the
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same drift as GABA. Water quantification has excellent SNR and can provide absolute GABA
concentration; however, it requires tissue composition correction which accounts for the
differences in the apparent water concentrations among white matter, gray matter, and CSF
considering the variation in the voxel tissue composition between subjects. We consider this as
part of our future work to investigate.

For in vitro phantom MR spectrum with much narrower linewidth than the in vivo spectrum,
fitting GABA signal using a simple single-Gaussian method is not preferable. For the in vivo
spectrum where GABA has a wider linewidth, the previous work (Edden et al., 2014) showed
that there was no clear difference in the GABA fitting performance between the simple
Gaussian model used by Gannet and the other more complex models presented, i.e., doubleGaussian, double-Lorentzian, etc. But spectral fitting with the single-Gaussian model can
become a limitation of the overall method when the in vivo metabolic signal has a narrower
linewidth. Some improvements in quantitation may be possible by using the simulated GABA
resonances for GABA fitting instead of using the simple single-Gaussian peak.

Shinnar-LeRoux pulse of 28 msec duration and 98 Hz (0.245 ppm) FWHM was used for
frequency-selective 180° refocusing. In our study, the refocusing bandwidth of the editing
pulses was narrow enough (0.245 ppm), so that the MM signal at 1.72 ppm was not significantly
affected, which lead to a minor MM contribution to the edited signal. However, to be
conservative, we still referred to our signal as potentially including contributions from co-edited
MM and therefore refer to it as the field convention of GABA+. Better MM suppression is one
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of our future goals. The co-edited MM can be further reduced in future implementations
through the use of MM suppression pulses and (or) symmetric application of the refocusing
pulse in the ‘Off’ mode about the 1.72 ppm MM multiplets (Behar Kevin, Rothman Douglas,
Spencer Dennis, & Petroff Ognen, 2005; Henry, Dautry, Hantraye, & Bloch, 2001).

The time-course results indicated a statistically significant reduction in thalamic GABA/Cr
caused by isoflurane during standard anesthesia. Decreasing thalamic GABA levels might
comprise one mechanism by which isoflurane causes loss of consciousness, which can be
validated together with further studies on cortical excitability and muscular hypotonia to
examine whether they are co-varied with the GABA levels. Being able to scan awake mice
(Ferris et al., 2014) allows for capturing the changes in GABA during induction of and recovery
from isoflurane anesthesia, which is necessary to accurately quantify the difference in GABA
levels between the awake and anesthetized conditions.

MEGA-PRESS Study at 3T
The Glx peak measured using MEGA-PRESS in human studies at 3T cannot reliably dissociate
glutamate from glutamine, based on previous studies (Ramadan, Lin, & Stanwell, 2013), we can
assume that it is driven primarily by glutamate.

The majority of patients with attenuated psychotic symptoms were found to have high
hippocampal glutamate as the dominant pathology, as well as evidence for focal
hypermetabolism. Mechanistically, this supports our hypothesis, based on a previous study in
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an animal model (Schobel et al., 2013), suggesting that high glutamate acts a primary
hippocampal defect in disorders that manifest with psychotic related symptoms, occurring
upstream to other hippocampal pathophysiology .

Our findings have therapeutic implications. Together with prior preclinical studies (Schobel et
al., 2013), we believe that our results establish high glutamate as a validated therapeutic target.
Glutamate reducing agents already exist, and it interesting that some have failed in clinical trials
in schizophrenia patients (Downing et al., 2014). Schizophrenia patients, however, already have
profound atrophy, and this failure might agree with a previous study in an animal model that
showed that glutamate reducing agents were found effective before the onset of clear atrophy
(D. H. Adams, Zhang, Millen, Kinon, & Gomez, 2014; Schobel et al., 2013). Our results support
the hypothesis; therefore, glutamate reducing agents at the very least may be effective in
patients with attenuated psychosis symptoms who have evidence of elevated hippocampal
glutamate.
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