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SUMMARY 

The study of dynamically changing resting-state fMRI (rs-fMRI) signals that span 

multiple brain regions provides an opportunity to better understand the intrinsic contexts 

of large-scale communication across the brain. Two prominent examples of these whole-

brain spatiotemporal patterns are the blood oxygen level dependent (BOLD) global signal 

and quasi-periodic patterns (QPPs). The BOLD global signal is defined as the averaged 

activity of the brain during a scan and its use as a nuisance regressor has been a contentious 

topic for years. QPPs are propagating waves of anticorrelated activity that alternate 

between two prominent resting-state brain networks, though their origin is unknown. Both 

of these signals have been shown to exhibit notable relationships with measures of arousal 

and vigilance. Activity of the locus coeruleus (LC), a brainstem nucleus responsible for the 

synthesis and release of norepinephrine, is known to play a significant role in arousal. 

Speculation that QPPs may originate from the activity of brainstem nuclei, in addition to 

findings that link the global signal to levels of arousal, led us to believe that the widespread 

nature of LC influence could have a significant effect on these two signals. In this work we 

studied the direct effects of LC activity on the BOLD global signal and QPPs in rats. This 

was done by first identifying a neural global signal component in a noise-controlled 

environment that could consequently be affected by LC neuromodulation (Aim 1). 

Secondly, we used optogenetic-fMRI to stimulate the LC at different frequencies and study 

how these varying levels of LC activity affected both the global signal and QPPs in rats 

(Aim 2). Both spatiotemporal signals were analyzed both through traditional methods and 

through the employment of complex principal component analysis (CPCA). Our findings 



 xii 

show evidence for a neural global signal component that is distinct from noise. We also 

report spatially specific changes in global signal distribution under tonic LC stimulation as 

well as regional changes in QPP involvement under 5 Hz tonic and 15 Hz phasic 

stimulation. Given that the LC is also strongly implicated in Alzheimer's disease (AD), we 

also used the AD rat model TgF344-AD to investigate the effects of the disease on whole-

brain dynamics using CPCA, for which we show age-specific AD effects. These results 

show that the neuromodulatory effects of the LC norepinephrine system on large-scale 

spatiotemporal patterns may be small in scale and more regionally specific than initially 

thought. 
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CHAPTER 1. INTRODUCTION 

Throughout the years, the field of neuroscience has learned a lot about how specific 

parts of the brain correspond to specific actions and behaviors. More recently, there has 

been an increase in studies of at-rest brain activity that showcase dynamics and networks 

underlying important brain functions. In resting-state fMRI (rs-fMRI), performed when the 

subject is awake but not involved in a task, there is a unique opportunity to study the brain’s 

intrinsic functionality through the blood oxygenation level dependent (BOLD) signal. 

However, as a result of this data being acquired at rest, there is also a real need to parse out 

what is considered signal and what is considered noise. One preprocessing step that has 

long been used to denoise rs-fMRI data is the removal of the global signal, most frequently 

achieved by global signal regression (GSR). In BOLD fMRI, the global signal is calculated 

by averaging the timecourses of all voxels in the brain region. This practice is motivated 

by the principle that any widespread fluctuations that are captured by this global average 

are likely to be the result of widespread sources of noise, such as head motion or non-

relevant physiological activity. Should this be the case, GSR should considerably decrease 

the noise contained in rs-fMRI data. In fact, GSR has been shown to be effective in 

reducing noise from motion (Parkes et al., 2018; Satterthwaite et al., 2012; Yan et al., 2013) 

and physiological sources (Birn et al., 2006). Despite this, controversy remains surrounding 

GSR and the implications of removing the global signal from each voxel timecourse. Many 

argue that a blind average of every voxel in the brain leaves too many questions about its 

contents to comfortably regress it out of a dataset (T. T. Liu et al., 2017). Further reasoning 

against GSR says that the existence of widespread coherent activity in the form of resting-
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state networks or whole-brain dynamics means that GSR could be removing neural data of 

interest, consequently affecting result outcomes and the interpretation of rs-fMRI studies 

(Ciric et al., 2017; Fox et al., 2009; Murphy & Fox, 2017; Saad et al., 2012). 

The question of whether coordinated activity from different regions across the brain 

are captured in the global signal brings attention to whole-brain dynamic activity such as 

quasi-periodic patterns (QPPs). QPPs are defined as patterns of alternating levels of 

activation between different networks and brain areas that are observed as propagating 

throughout the brain (Majeed et al., 2011). Linked to infra-slow neural activity (< 0.1 Hz), 

QPPs have been observed in both rodents and humans and have been shown to contribute 

to functional connectivity (Abbas, Belloy, et al., 2019; Belloy, Naeyaert, et al., 2018; 

Majeed et al., 2009, 2011). In humans they often take the form of periodic anticorrelation 

between two resting-state networks: The default mode network (DMN) and the task 

positive network (TPN), whereas in rodents they are often observed as waves of high and 

low activation that propagate medially from lateral cortical areas (Majeed et al., 2011). 

These periodic waves of activation are thought to organize activity across the brain and 

contribute to the global signal (Belloy, Naeyaert, et al., 2018; Yousefi et al., 2018). 

Additionally, they have been shown to inform functional connectivity differences in 

attention deficit/hyperactivity disorder (ADHD) and improve classification of Alzheimer’s 

disease (Abbas, Bassil, et al., 2019; Belloy, Shah, et al., 2018). 

When considering these forms of dynamic brain activity, it is important to note that 

while at rest, brain activity is subject to constant neuromodulatory input from brainstem 

nuclei. These inputs can be in response to a stimulus or the result of baseline homeostatic 

maintenance. Either way, the effects of this neuromodulation on resting-state activity are 
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an important element of the complex intrinsic brain dynamics and connectivity being 

studied. In particular, the noradrenergic system of the locus coeruleus (LC) is of special 

interest as its involvement in arousal makes it a key contender for studying the global signal 

and global activity, which themselves have been related to levels of arousal (Chang et al., 

2016; Deco et al., 2014; Pisauro et al., 2016). The LC, located in the brainstem, is primarily 

known for its role as the noradrenergic center of the central nervous system. Due to its 

dense projections throughout the brain and modulation through the release of 

norepinephrine, the LC plays a significant role in cognition, attention, and arousal (Aston-

Jones & Cohen, 2005; Benarroch, 2018). Through its vast connections to many brain 

structures, the LC has the potential to influence whole-brain activity and connectivity. Not 

only are general brain states and levels of activity known to fluctuate during resting state, 

but pupil diameter, which is often used as a proxy for LC activity, has also been shown to 

fluctuate at rest (Schneider et al., 2016).  

This dissertation summarizes the research that was done to investigate the role of LC 

activity on both the global signal and QPPs in rats. CHAPTER 2 summarizes the work 

done to provide evidence toward a neural component of the global signal in a cohort of rats 

for which contributions of noise were substantially controlled. CHAPTER 3 summarizes 

work in which optogenetics and fMRI were combined to study the effects of 

optogenetically stimulating the LC at different frequencies on both the global signal and 

QPPs.  
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CHAPTER 2. ISOLATING A NEURAL COMPONENT OF THE 

GLOBAL SIGNAL IN A NOISE-CONTROLLED COHORT OF 

RATS 

Motivation: In resting-state fMRI (rs-fMRI), the global signal average captures 

widespread fluctuations related to unwanted sources of variance such as motion and 

respiration, as well as widespread neural activity, however relative contributions of neural 

and non-neural sources to the global signal remain poorly understood. This study sought 

to tackle this problem through the comparison of the BOLD global signal to an adjacent 

non-brain tissue signal, where neural activity was absent, from the same rs-fMRI scan 

obtained from anesthetized rats. In this dataset motion was minimal and ventilation was 

phase-locked to image acquisition to minimize respiratory fluctuations. Data was acquired 

using three different anesthetics: isoflurane, dexmedetomidine, and a combination of 

dexmedetomidine and light isoflurane.   

Methods: A power spectral density estimate, a voxel-wise spatial correlation via Pearson’s 

correlation, and a co-activation pattern analysis were performed using the global signal and 

the non-brain tissue signal. Functional connectivity was calculated using Pearson’s linear 

correlation on default mode network (DMN) regions. 

Results: We report differences in the spectral composition of the two signals (Section 

2.3.1) and show spatial selectivity within DMN structures that show an increased 

correlation to the global signal (Sections 2.3.2 and 2.3.4) and decreased intra-network 

connectivity after global signal regression (Section 2.3.3). All of the observed differences 

between the global signal and the non-brain tissue signal were maintained across 

anesthetics. 
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Conclusion: These results show that the global signal is distinct from the noise contained 

in the tissue signal, as support for a neural contribution. This study provides a unique 

perspective to the contents of the global signal and their origins. 

 

2.1 Background 

In resting-state functional magnetic resonance imaging (rs-fMRI), there is a unique 

opportunity to study the brain’s intrinsic functional organization as captured by low-

frequency fluctuations in the blood oxygen level dependent (BOLD) signal (Biswal et al., 

1995). However, the spontaneous BOLD fluctuations are small (Pais-Roldán et al., 2018) 

and contributions arising from neural activity can easily be swamped by signal changes 

related to motion and respiration (Murphy et al., 2013; Power et al., 2017). To minimize 

unwanted signal changes from non-neural sources, the average of the BOLD signal from 

all voxels in the brain (‘global signal’) is often regressed from data during preprocessing 

(Aguirre et al., 1998; Macey et al., 2004; Murphy & Fox, 2017; Zarahn et al., 1997). 

Despite the success of global signal removal as a denoising step (Birn et al., 2006; Parkes 

et al., 2018; Satterthwaite et al., 2012; Wise et al., 2004; Yan et al., 2013), regression of 

the signal remains controversial as many argue that the global signal contains relevant 

neural data (Ciric et al., 2017; Fox et al., 2009; T. T. Liu et al., 2017; Murphy & Fox, 2017; 

Saad et al., 2012).  

The removal of the global signal from rs-fMRI data is primarily motivated by the 

principle that the majority of widespread fluctuations captured by this global average are 

the result of widespread sources of noise. Major sources of noise that are known to be 
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reflected in the global signal are motion (Parkes et al., 2018; Satterthwaite et al., 2012; Yan 

et al., 2013) and physiological factors such as cardiac pulsation, vascular tone, and changes 

in cerebral blood flow (Birn et al., 2006; Wise et al., 2004). These types of noise tend to be 

reflected in large portions of the brain signal, at times in the whole image, and their 

influence on image quality can be significantly reduced through global signal removal 

(Ciric et al., 2017; Fox et al., 2009; T. T. Liu et al., 2017; Murphy & Fox, 2017; Saad et 

al., 2012). These types of noise affect both brain signal and that of anatomical structures 

surrounding it. Imaged features such as the skull or surrounding head tissue are also 

affected by head motion, any whole-image scanner noise, and magnetic field shifts due to 

respiratory or other forms of motion. When comparing human and rodent imaging, the 

imaged head tissue in humans is minimal, whereas there is substantially more tissue 

surrounding the brain in rodents. A signal comprised of such tissues has been considered 

as a non-interest covariate in rodent fMRI preprocessing and could serve as a comparative 

measure for the global signal (Chuang et al., 2019; Lowe et al., 2008). As such, a rodent 

study comparing the global signal to the signal contained in these surrounding structures 

has the potential to elucidate neural contributions to the global signal.  

The data used in this study was acquired using a protocol that was optimized to 

minimize motion and respiratory noise to better isolate the non-noise components captured 

in the BOLD signal. These noise-limiting steps included mechanical ventilation, the use of 

a paralytic, employment of stereotaxic head-fixation, and respiratory phase-locked image 

acquisition. With these procedures in place, we aimed to study the global signal in the 

context of minimal noise. An important tool for minimizing noise in rodent rs-fMRI is the 

use of anesthesia, which allows animals to be head-fixed without pain or stress and prevents 
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voluntary motion that can affect the magnetic field. However, the anesthetic agents used 

can affect neurovascular coupling (Franceschini et al., 2010) and induce potential 

confounds into the rs-fMRI data. Two of the most commonly used anesthetics for rodent 

rs-fMRI are isoflurane and dexmedetomidine. Each of these anesthetics can induce changes 

in vascular tone and cerebral blood flow. Isoflurane is a vasodilator which increases 

cerebral blood flow (Sicard et al., 2003) while dexmedetomidine is a vasoconstrictor which 

decreases cerebral blood flow (Ganjoo et al., 1998). These effects can influence 

measurements of functional connectivity (Grandjean et al., 2014) and even alter which 

frequency bands exhibit the greatest coherence between rs-fMRI and local field potentials 

(Pan et al., 2013). A common method in rodent rs-fMRI is to use a combination of both 

isoflurane and dexmedetomidine because the vasodilatory effects of isoflurane have been 

shown to be attenuated by the opposing vascular effects of dexmedetomidine (Ohata et al., 

1999). 

In this work, we investigated the spatial and spectral differences between the brain 

global signal and a same-scan adjacent non-brain tissue signal across three different 

anesthetic conditions: isoflurane, dexmedetomidine, and a combination of the two (isodex). 

The use of multiple anesthetics ensured that results were not specific to a single anesthetic 

condition. We examined how the tissue and brain signals differed through a power spectral 

density analysis, a voxel-wise correlation analysis, and a dynamic co-activation pattern 

(CAP) analysis. We provide evidence that the global signal contains specific spectral and 

spatial qualities that are separate from noise and could be linked to brain activity. 

Additionally, these findings were robust across the use of the different anesthetic protocols. 

The results of this study provide unique insight into the composition of the global signal.  
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2.2 Methods 

2.2.1 Animal Preparation 

All protocols were approved by the Institutional Animal Care and Use Committee 

(IACUC) and all procedures were performed in strict compliance with the IACUC 

protocols. Data was acquired from eight male Sprague Dawley rats (299g – 339g, Charles 

River). Animals were inducted under 5% isoflurane and were maintained at 2% isoflurane 

during handling and placement in the MRI cradle. All rats were intubated and underwent 

ventilator-assisted breathing at a rate of 1 Hz. An infusion line was inserted subcutaneously 

to administer the paralytic pancuronium at a rate of 1.5 mg/kg/hr for the duration of the 

scan. Animals were placed in a homemade custom MRI cradle and positioned with their 

teeth secured in a bite bar and their heads fixed using ear bars.  

After preparation, the animals underwent a scanning session in which scans were 

consecutively collected under three different anesthetic protocols: isoflurane alone, 

dexmedetomidine alone, and a combination of dexmedetomidine with light isoflurane 

(isodex). Initially, animals were scanned under 2% isoflurane as part of a separate study; 

however these scans were not included in the analyses for this paper as deep levels of 

isoflurane have been shown to result in burst suppression and increase the spatial extent of 

contribution to the global signal (X. Liu et al., 2013). Afterwards, isoflurane was reduced 

to 1.5% and the animals were scanned for an average of 35 minutes. After the isoflurane 

scan, the animals were subcutaneously injected with a 0.025 mg/kg bolus of 

dexmedetomidine, taken off isoflurane five minutes later, and then switched to a 0.05 
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mg/kg/hr subcutaneous infusion of dexmedetomidine at 10 minutes post-bolus. The 

animals were then scanned again while exclusively under dexmedetomidine for an average 

of about 61 minutes. Functional dexmedetomidine scans were started an average of about 

14 minutes after isoflurane was disconnected. Afterwards, the animals were introduced to 

a low dose of isoflurane at 0.5% in combination with the 0.05 mg/kg/hr subcutaneous 

infusion of dexmedetomidine. The animals were then scanned a final time while under 

isodex for 49 minutes on average. Functional isodex scans were started an average of 17 

minutes after the low dose of isoflurane was introduced. A table with the exact timing of 

anesthetic introduction and image acquisition for each rat is displayed in Table 2.1. To use 

the maximum amount of data possible in accordance with the length of the shortest scan, 

only the first 30 minutes of the isoflurane and dexmedetomidine scans and the first 20 

minutes of the isodex scans were used for the group analysis. The last 30 minutes of 

dexmedetomidine scans were also analyzed to compare for any unwanted effects of 

lingering isoflurane that could be present in the first 30 minutes of these scans. 

Physiological parameters of the animal were measured using a pulse oximeter that was 

placed on a hindpaw of the animal and through a rectal temperature probe. Temperature of 

the animal was maintained around 37  0.5 C using a heated water bath system.  
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Table 2.1 Timeline of Anesthetic Application for Each Subject. 

 

Length of 

isoflurane scan 

(minutes) 

Time after disconnection of 

isoflurane that 

dexmedetomidine scan starts 

(minutes) 

Length of 

dexmedetomidine 

scan 

(minutes) 

Time after introduction 

of 0.5% isoflurane that 

isodex scan starts 

(minutes) 

Length of 

isodex scan 

(minutes) 

Subject 1 30 23 60 32 60 

Subject 2 30 19 60 7 60 

Subject 3 30 14 80 17 30 

Subject 4 30 8 80 23 20 

Subject 5 60 5 30 12 30 

Subject 6 40 17 60 14 40 

Subject 7 30 12 60 13 60 

Subject 8 30 13 60 18 90 

 

2.2.2 Data Acquisition 

MRI data was acquired using a 20 cm horizontal bore 9.4 T Bruker Biospec MRI 

and a homemade transmit-receiver surface coil. A T2-weighted rapid acquisition with 

relaxation enhancement (RARE) anatomical scan was acquired for each rat (TR = 3500 

ms, TE = 11 ms, 24 axial slices, 0.5 mm3 isotropic voxels). All functional rs-fMRI scans 

were acquired using a gradient-echo echo-planar imaging (EPI) sequence with the 

following parameters: partial Fourier encoding with a factor of 1.4, field of view (FOV) of 

35x35 mm2, matrix size of 70x70, isotropic voxel size of 0.5 mm3, 24 axial slices for whole-

brain coverage, a flip angle of 68.4, bandwidth = 216.45 kHz, TE = 15 ms, and TR = 2000 

ms. A 3-volume reverse phase encoding blip EPI image with the aforementioned 

parameters was acquired before each longer functional scan for topup correction 
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(Andersson et al., 2003; Smith et al., 2004). All functional EPI scans included saturation 

bands to minimize signal from frontal and ventral regions outside the brain and were 

preceded by 10 dummy scans. 

All functional EPI scans were phase-locked, meaning that the acquisition of the 

images was set to a multiple of the animal’s respiratory rate so that each image was 

acquired during the same phase of the respiratory cycle (Pan et al., 2020). This practice 

was adopted to limit any effects of motion that could arise from movement of the chest 

cavity and volumes being imaged at different points in the respiratory cycle. In this study, 

images were acquired at a frequency of every other breath, or 2 Hz (TR = 2000 ms).  

 

2.2.3 Preprocessing 

All preprocessing of the data was performed using the following software: FSL 

(Jenkinson et al., 2012), Analysis of Functional NeuroImages (AFNI) (Cox, 1996), ITK-

SNAP (Yushkevich et al., 2006), and ANTs (Avants et al., 2008). Distortion correction 

was applied to all scans using FSL Topup and volume registration to the 30th volume of 

each scan was performed using AFNI 3dVolReg. Motion regression (6 parameters and up 

to 2 polynomials) and bandpass filtering (0.01 – 0.2 Hz) were performed in one step using 

AFNI 3dTProject. The frequency filter range was chosen to compare all anesthetic 

conditions across the same frequencies, according to previous work that has shown 

contributions from higher frequencies at resting state under dexmedetomidine (0.01 – 0.25 

Hz) than under isoflurane (0.01 – 0.1 Hz) (Pan et al., 2013). Spatial smoothing was not 

applied to this data as smoothing the non-brain tissue signal may have had differential 
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effects due to it being much smaller than the brain. Brain masks for each scan were acquired 

automatically in AFNI using 3dAutomask. The non-brain tissue signal was comprised of 

the skull, fat, and muscle surrounding the brain. Individual non-brain tissue masks were 

acquired manually using ITK-Snap and created to consist of 500 – 600 voxels for each 

scan. Areas of tissue closest to the brain were chosen for these masks in order to obtain 

good signal and maximize similarities in the types of noise that would affect both signals 

(Figure 2.1). The individual brain and non-brain tissue masks were then used to segment 

the two signals for analysis. For group average signals, all scans were aligned to a single 

subject using direct, linear EPI to EPI registration via AFNI 3dAllineate. For the group 

voxel-wise correlation analysis, scan segments, global signals, and non-brain tissue signals 

from each rat were concatenated. For analyses involving structures in the default mode 

network, the SIGMA-Wistar anatomical atlas (Barrière et al., 2019) was inversely 

registered to the single subject mentioned previously using antsRegistration.  

 



 13 

 

Figure 2.1 Rat Brain Signal vs. Non-Brain Tissue Signal. Rat anatomy results in notably 

more non-brain tissue being imaged around the brain than is observed in human imaging. 

This figure shows slices from a functional scan of subject 6 (left column) and then shows 

those same slices with the actual non-brain tissue mask used in this study as well as a 

representative brain mask (right column). The substantial amount of tissue imaged 

alongside the brain in rats allowed us to carry out these adjacent signal comparisons. 

 

2.2.4 Global Signal Comparison to Non-Brain Tissue Signal 

A comparison was made between the global signal and the averaged signal of the 

surrounding tissue in the same scan. This was done to identify any characteristics of the 

global signal that could be consistently linked to brain activity and were separate from 

noise. The rationale between comparing these two signals comes from the fact that both 

signals would be affected by any residual motion, scanner noise, and magnetic field shifts 

that were to occur. Therefore, any signal attributes that result from brain activity would 
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stay confined within the global signal, whereas any signal characteristics that primarily 

reflect noise would potentially be observed in both signals. In this way, the tissue signal 

acts as a comparable noise measure.  

All analyses of these signals were performed in MATLAB using custom scripts. 

The global signal was calculated by averaging the timecourses of all voxels within the brain 

and then z-scoring the signal by subtracting its mean and dividing by its standard deviation. 

The tissue signals were calculated in a similar manner, by averaging the timecourses of all 

voxels within the segmented tissue region and z-scoring them. 

 

2.2.5 Power Analysis 

Power spectral density (PSD) estimates of the global signal were compared to those 

of the tissue signal to evaluate the various frequency contributions within the range of 0.01 

– 0.2 Hz. PSDs were computed in MATLAB using Welch’s method with a Hamming 

window and 50% overlap. The PSDs found for each individual scan were averaged to 

create the group average for each anesthetic group. These PSDs were then normalized to a 

scale of 0 to 1 for simple comparison. The fractional amplitude of low-frequency 

fluctuations (fALFF), as defined by Zou et al. (Zou et al., 2008), was calculated for each 

power spectrum by summing the square root of the power within the 0.01 – 0.08 Hz range 

and dividing this by the sum of the square root of the power across the entire frequency 

range (0.01 – 0.2 Hz). A voxel-wise power distribution map was calculated by summing 

the power at each voxel over a specified frequency range. In accordance with previous 

findings that showed selective frequency ranges for peak BOLD-LFP coupling under 
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different anesthetics, the frequency ranges used were 0.01 – 0.1 Hz for isoflurane scans 

and 0.01 – 0.25 Hz for dexmedetomidine and isodex scans (Pan et al., 2013). 

 

2.2.6 Signal Spatial Correlation Analysis 

The global signal and the non-brain tissue signal for each scan were correlated using 

Pearson’s linear correlation. A voxel-wise correlation analysis was performed in which a 

Pearson’s linear correlation was calculated between the global signal and each voxel 

timecourse within the brain, and again with the non-brain tissue signal and each voxel 

timecourse within the brain.  

 

2.2.7 Default Mode Network Analysis 

To assess the involvement of structures in the default mode network (DMN), select 

regions were extracted using the SIGMA-Wistar anatomical atlas (Barrière et al., 2019) 

and according to the list of rat DMN structures reported in Lu et al., 2012 (Lu et al., 2012) 

that corresponded to the atlas. Bilateral regions were averaged to create one region. All 

analysis was done in MATLAB using custom scripts.  

 

2.2.8 Co-activation Pattern Analysis 

To compare the non-brain tissue and brain global signals as they vary over time, as 

opposed to the static correlation comparison, we performed a co-activation pattern (CAP) 
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analysis. CAP analysis is a dynamic analysis method that was first proposed by Liu and 

Duyn (X. Liu & Duyn, 2013). This method involves choosing a seed region or region of 

interest (ROI) and setting a threshold for that ROI signal. The timepoints at which the ROI 

signal passes the threshold are used to extract fMRI volumes, which are then clustered and 

averaged to produce different CAPs. We took advantage of CAP analysis to identify areas 

of the brain that are co-active with peaks in activity of the global signal and the non-brain 

tissue signal. This was done by using the two signals as distinct ROIs to calculate two 

separate CAPs. The tissue CAP and the global signal CAP were calculated individually for 

each scan. These individual CAPs were averaged for each group as a representative pattern 

that highlights the major structures involved, as has been demonstrated previously (X. Liu, 

de Zwart, et al., 2018; X. Liu, Zhang, et al., 2018). The ROI signal timecourses were z-

scored and the threshold was set to a z-score greater than 1 to capture about the top 15% 

of peaks in each ROI timecourse, as is common practice (X. Liu & Duyn, 2013; Maltbie et 

al., 2022). For each ROI, all frames at timepoints that exceeded the threshold were averaged 

resulting in the global signal and non-brain tissue signal CAPs.  

 

2.3 Results 

We studied both spectral and spatial features of the global signal in eight male 

Sprague Dawley rats. These characteristics were compared to a same-scan non-brain tissue 

signal that was segmented for each rat. This section includes the group results for each 

analysis.  
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2.3.1 Power Distribution Results 

We created a PSD estimate for both the global signal and the non-brain tissue signal 

for each scan (Figure 2.2A). The group average power spectra are shown for scans under 

isoflurane, dexmedetomidine, and isodex. The comparison of the contributing frequencies 

in both signals across anesthetics shows distinct differences between the global signal and 

the non-brain tissue signal. Most notably, the tissue signal appears to exhibit a higher 

proportion of low-frequency contribution to the overall signal. To evaluate this, we 

calculated the fractional amplitude of low-frequency fluctuations (fALFF) (Zou et al., 

2008) for each trace. The fALFF values for the global signal were 0.4398, 0.4652, and 

0.4393 for isoflurane, dexmedetomidine, and isodex, respectively. However, all conditions 

showed an increase in fALFF for the tissue signal with fALFF values being 0.5181, 0.4811, 

and 0.5049 for isoflurane, dexmedetomidine, and isodex, respectively. The differences 

displayed in these power spectral plots emphasize the distinct spectral constitutions of these 

two signals, implying that there may be certain activity captured in the global signal that is 

not being captured in the tissue signal. It is also important to note that the spectra 

themselves look different across anesthetic conditions for the two signals. In particular, the 

tissue signal shows two small peaks around 0.02 Hz under isoflurane and two bigger more 

distinct peaks around 0.02 and 0.05 Hz under isodex. The global signal also has a notable 

drop in power around 0.03 and 0.02 Hz under isoflurane and dexmedetomidine, 

respectively, however under isodex the decrease in low frequency power is more gradual. 

Similar results to those shown under dexmedetomidine were also observed when analyzing 

the last 30 minutes of dexmedetomidine scans to account for any lingering effects of 

isoflurane (Figure 2.3). 
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Figure 2.2 Power Distribution of the Brain Global Signal and the Tissue Signal. (A) 

Power spectral density estimates for the global signal (blue) and the non-brain tissue signal 

(green) across the three anesthetic conditions. A magnified version is provided for each 

group to better compare the low frequency differences between the two signals. The X and 

dashed line mark 0.08 Hz as used for the fALFF calculation. Under all three anesthetic 

conditions the tissue signal had a higher fALFF value than the brain global signal. (B) 

Group level spatial distribution of power across the brain under all anesthetic conditions, 

reported in decibels. High levels of power were localized to voxels along the posterior 

midline of the brain and, in the case of dexmedetomidine and isodex, bilaterally in the 

cortex. 
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Figure 2.3 Analysis of the Last 30 Minutes of Dexmedetomidine Scans. To account for 

any lingering effects of isoflurane on the first 30 minutes of dexmedetomidine scans, we 

also looked at the PSD estimate and spatial correlation of the global and tissue signals in 

the last 30 minutes of these scans. For both analyses, we saw similar results to those 

presented in the main analysis. (A) The tissue signal consisted of a higher contribution 

from lower frequencies than the brain global signal, with the tissue signal having a fALFF 

of 0.5396 and the global signal having a fALFF of 0.5035. (B) A voxel-wise correlation to 

the global signal shows higher correlation to the global signal from medial brain structures, 

as was seen in the first 30 minutes. (C) The same voxel-wise analysis to the tissue signal 

shows lower overall correlation, as was seen in the first 30 minutes. 

 

Additionally, we observed the power distribution of the brain signal across all three 

anesthetic conditions (Figure 2.2B). For scans acquired under isoflurane, we summed the 

power for each voxel over the 0.01 – 0.1 Hz range, for dexmedetomidine and isodex scans 

we summed the power over the 0.01 – 0.25 Hz range. Results are reported in decibels. 

Across all anesthetic conditions the highest amount of power is observed in a posterior 

medial part of the brain and throughout the entire medial section in more superior slices of 

the brain. Similar results were observed for isoflurane scans between 0.01 – 0.25 Hz 

(Figure 2.4) and in the last 30 minutes of dexmedetomidine scans (Figure 2.3).  
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Figure 2.4 Spatial Distribution of Power Under Isoflurane. This figure shows the spatial 

distribution of power in the isoflurane scans over the original frequency range (0.01 – 0.1 

Hz) and the frequency range used for dexmedetomidine and isodex (0.01 – 0.25 Hz). When 

the frequency range is expanded, the power levels throughout the brain increase by way of 

including more power values to the sum for each pixel. However, the distribution of power 

spatially does not change with the increased frequency range. In fact, the addition of more 

frequencies appears to increase the power in all regions proportionally so that the original 

spatial distribution of power is maintained. 

 

2.3.2 Non-Brain Tissue vs. Brain Results 

To show the distinct temporal nature of the global signal from the non-brain tissue 

signal, we performed a Pearson’s linear correlation to correlate the two signals for each 

scan at an individual level (Figure 2.5). The mean values of correlation from all eight rats 

were -0.0038, 0.0072, and 0.0313 for isoflurane, dexmedetomidine, and isodex, 

respectively. When analyzed with a one-sample t-test, these mean values were not 

statistically different from zero (isoflurane: p = 0.8943; dexmedetomidine: p = 0.7925; and 
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isodex: p = 0.1357). The correlation values for all rats were within the range of 0.15 to -

0.15, reflecting little to no correlation. The lack of correlation between the global signal 

and the tissue signal show that even on an individual rat level there is very little similarity 

between these two signals and provides evidence that they contain different information.  

 

 

Figure 2.5 Correlation Values Between the Brain Global Signal and the Non-Brain 

Tissue Signal. The correlation between the global signal and the non-brain tissue signal 

for each rat across anesthetic conditions. Black rectangles represent the means for each 

group: isoflurane (blue) = -0.0038, dexmedetomidine (yellow) = 0.0072, isodex (green) = 

0.0313. These means were not statistically different from zero (p = 0.8943, 0.7925, and 

0.1357, respectively). The low r values indicate very little correlation between the two 

signals. 

 

To demonstrate the spatial distribution of the global signal, we performed a voxel-

wise correlation analysis (Figure 2.6). A Pearson’s correlation between the global signal 
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and the timecourse of each voxel within the brain mask was computed. Similarly, we also 

computed the correlation between the tissue signal and the timecourse of each voxel. This 

comparison was made to display the fact that spatial patterns observed with the global 

signal were not the result of whole-image noise. The spatial correlation to the global signal 

across all anesthetic conditions showed higher correlation in an anterior medial part of the 

brain. In isoflurane scans, higher correlation is also shown bilaterally and throughout the 

outer cortical regions. Correlation to the global signal in dexmedetomidine scans was 

overall slightly lower and showed a weaker correlation than that seen bilaterally in cortex 

under the other two conditions. In isodex scans, there was also a high bilateral correlation 

to the global signal in anterior cortical regions. When comparing the global signal 

correlation to the non-brain tissue signal correlation, it can be seen that the tissue signal 

correlation was overall much lower and that there were no detectable spatial patterns. Note 

too that while high signal power was primarily localized to the midline (Figure 2.2B), 

correlation with the global signal also extends to anterior cortical areas (Figure 2.6), 

evidence that the global signal is not completely dominated by midline areas of strong 

fluctuation. 
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Figure 2.6 Spatial Correlation to the Brain Global Signal and the Non-Brain Tissue 

Signal. (A) The correlation of each voxel to the global signal (top row) and to the tissue 

signal (bottom row). Correlation is shown in Pearson’s correlation coefficients (r). Specific 

slices are outlined by a black box and enlarged in the following section for a clearer 

comparison. High correlation to the global signal is observed in an anterior medial part of 

the brain across all anesthetic conditions and bilaterally under isoflurane and isodex. 

Overall correlation to the non-brain tissue signal is much lower. (B) The enlarged slices 

that were highlighted in the previous section, show a clearer comparison between 
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correlation to the global signal (top row) and to the tissue signal (bottom row). (C) Voxel-

wise correlation to the tissue signal with the color bar adjusted so that spatial differences 

can be observed. The same slices outlined in (A) are highlighted and enlarged in (D) where 

no spatial specificity in correlation to the tissue signal can be observed. 

 

2.3.3 DMN Relationship to The Global Signal 

To assess whether the regions highlighted in the voxel-wise correlation analysis 

could be considered part of the DMN, select DMN regions were extracted from the 

SIGMA-Wistar anatomical atlas. The regions included were the primary cingulate cortex 

(CG1), the secondary cingulate cortex (CG2), the posterior parietal cortex (PPC; an 

average of the atlas’ parietal cortex postero caudal, dorsal, and rostral parts), the prelimbic 

cortex (PrL), the orbital cortex (Orb; an average of the atlas’ orbitofrontal region and dorso 

lateral orbital cortex), the retrosplenial cortex (RSC; an average of the atlas’ retrosplenial 

system), and cornu ammonis 1 of the hippocampus  (CA1). The correlation values of each 

region to the global signal were extracted for each group (Figure 2.7A). The corpus 

callosum was included as a comparative white matter region given its proximity to some 

of the regions with high correlation. Regions in dexmedetomidine scans generally had 

lower levels of correlation than isoflurane and isodex scans reflecting what is displayed in 

Figure 2.6. Across all anesthetics, the secondary cingulate region shows a higher 

correlation to the global signal than other regions. The corpus callosum shows consistent 

levels of correlation across anesthetics that are on par with some DMN regions, and reliably 

lower than others like the cingulate cortex. Functional connectivity within the DMN was 

also investigated before and after global signal regression (Figure 2.7B). The same defined 

DMN regions used previously were also used for this analysis. As a measure of network 



 25 

strength, the sum of the absolute value of all correlation values within the functional 

connectivity matrix was calculated before and after global signal regression. A negative 

difference in network strength for all anesthetic conditions showed that DMN strength 

decreased after global signal regression (isoflurane:  = -10.6192; dexmedetomidine:  = 

-7.8689; isodex:  = -9.2165). A paired t-test showed that the regression of the global signal 

resulted in a statistically significant change in connectivity to all regions (for CG1, CG2, 

PPC, PrL, Orb, RSC, CA1, respectively, isoflurane: p = 0.0022, 0.0029, 0.0043, 0.0027, 

0.0023, 0.0013, 0.0048; dexmedetomidine: p = 0.0026, 0.0040, 0.0017, 0.0023, 0.0021, 

0.0018, 0.0039; isodex: p = 0.0021, 0.0028, 0.0028, 0.0019, 0.0036, 0.0027, 0.0047).  

 

 

Figure 2.7 Default Mode Network (DMN) Regional Relationship to the Global Signal. 

The SIGMA-Wistar anatomical atlas was inversely registered with the EPI scans and select 

rat DMN regions as defined by Lu et al., 2012, as well as the corpus callosum, were 

extracted and analyzed. (A) The correlation values of each region to the global signal. 

Regions included: primary cingulate cortex (CG1), secondary cingulate cortex (CG2), the 

posterior parietal cortex (PPC), prelimbic cortex (PrL), orbital cortex (Orb), the 

retrosplenial cortex (RSC), and cornu ammonis 1 of the hippocampus (CA1). The corpus 

callosum was included as a comparative white matter region. The secondary cingulate 

cortex consistently shows the highest correlation to the global signal across anesthetics. 

(B) Functional connectivity matrix of the DMN before global signal regression (lower 

black triangle) and after global signal regression (upper red triangle). In each anesthetic 

group, functional connectivity within the DMN decreases after global signal regression 
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(isoflurane:  = -10.6192; dexmedetomidine:  = -7.8689; isodex:  = -9.2165), indicating 

that the network’s activity is notably represented in the global signal. 

 

2.3.4 CAPs Results 

To further emphasize the spatial differences between the global signal and the tissue 

signal, we performed a co-activation pattern (CAP) analysis (Figure 2.8). In this case, the 

two “ROIs” used to calculate the CAPs were the global signal and the tissue signal. 

Unsurprisingly, the global signal CAPs show high activation from similar brain regions 

that showed high correlation to the global signal in the voxel-wise analysis (Figure 2.7). In 

the isoflurane scans, the global signal CAP displays high activation bilaterally throughout 

cortex, and in some subcortical structures, as well as medially. The dexmedetomidine scans 

show lower levels of activation in the global signal CAP when compared to the other two 

conditions, however, higher levels of activation are observed both medially and bilaterally 

in cortex. The global signal CAP from the isodex scans shows high activation in medial 

cortex as well as bilaterally in anterior regions of cortex. In comparison, the tissue signal 

CAPs across all anesthetic conditions display much lower activation overall and little to no 

detectable spatial specificity. 
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Figure 2.8 Z-scored Co-Activation Patterns (CAPs) to the Global Signal and the Non-

Brain Tissue Signal. The average CAPs for scans acquired under isoflurane (A), 

dexmedetomidine (B), and isodex (C) when the global signal and the tissue signal were 

used as regions of interest. Figure displays z-scored activation level. The global signal CAP 

showed clear high activation in certain areas of the brain across all anesthetic conditions. 

These brain regions are very similar to those that showed high correlation to the global 

signal in the correlation analysis shown in Figure 4. In contrast, the non-brain tissue signal 
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CAP displays overall lower activation throughout the brain and undetectable spatial 

specificity. 

 

2.4 Discussion 

The use of global signal regression in preprocessing for rs-fMRI remains 

controversial. While the global signal captures widespread fluctuations related to motion 

and physiological cycles (Birn et al., 2006; Parkes et al., 2018; Satterthwaite et al., 2012; 

Wise et al., 2004; Yan et al., 2013), spatially-extended patterns of neural activity are also 

included (Ciric et al., 2017; Fox et al., 2009; T. T. Liu et al., 2017; Murphy & Fox, 2017; 

Saad et al., 2012). In an animal model where both motion and physiological noise are 

minimal, we have shown differences in spatial and spectral distribution between the global 

signal and a comparable noise signal that are similar under multiple anesthetic conditions. 

This work provides strong evidence that much of the global signal may arise from neural 

sources, particularly in default mode areas such as the cingulate areas, in this well-

controlled model. 

 

2.4.1 Differences in Power Distribution 

PSD estimates of both the global signal and the tissue signal show distinct 

differences between the two signals across the different anesthetics. The most notable 

difference being that the tissue signals show a higher fractional power amplitude in the low 

frequency range than the global signals, as indicated by their fALFF values. This is 

interesting considering that a higher fALFF value is often considered a proxy for increased 
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neural activity (Zou et al., 2008). A low frequency peak is shown in the global signal power 

spectra which is assumed to reflect spontaneous brain activity. However, it is more difficult 

to identify the source of the similar low frequency power increase in the tissue signal since 

fALFF is typically compared within brain regions and is not examined outside of the brain. 

Therefore, there is little context for the relatively high values in the muscle tissue where no 

neurovascular coupling is present. Discerning the origin of these high fALFF values would 

be an interesting direction for future exploration. 

Another important thing to note is that while the difference between the global 

signal and the tissue signal is consistent across anesthetics, the PSDs themselves are 

different for each anesthetic. This is not surprising since it is well known that vasculature 

and cerebral blood flow are affected differently by anesthetics (Slupe & Kirsch, 2018). The 

mechanistic differences between isoflurane and dexmedetomidine (e.g., vasodilation and 

vasoconstriction, respectively) could, in part, be responsible for these differences. 

Additionally, certain dissimilarities between groups, for example, the second peak in the 

non-brain tissue signal under isodex, could be attributed to vasomotion. A previous paper 

by Magnuson et al. looked at the time-dependent effects of both isoflurane and 

dexmedetomidine and found power spectral (among other) differences that occurred not 

only based on the anesthetic used but also on the duration of time under the anesthetics 

(Magnuson et al., 2014). These insights show that the power of brain activity can vary quite 

a bit under the use of anesthetics based on a variety of factors.  

The areas of localized power in this study were similar to those that showed high 

correlation to the global signal (Figure 2.2 & Figure 2.6). However, the areas that show 

high power in the rats, presumably reflecting areas with high neural or metabolic activity, 
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also show similarity to the brain areas that show high correlation to the global signal in 

humans, namely the posterior midline (Billings & Keilholz, 2018; Power et al., 2017).  

 

2.4.2 DMN Contribution to The Global Signal 

The correlation to the global signal and its spatial distribution of power appeared to 

be highly localized along the midline of the brain, regardless of the anesthetic used (Figure 

2.6). No such spatial specificity was observed when correlating voxel timecourses to the 

tissue signal. Upon further evaluation of these brain areas, we found that they showed 

striking resemblance to structures that have been identified to form the default mode 

network (DMN) in rats (Liang et al., 2012; Lu et al., 2012; Upadhyay et al., 2011). 

Consequently, we used a registered atlas to further investigate DMN specific regions and 

found that cingulate cortex showed higher correlation to the global signal than other DMN 

regions and a close white matter structure (Figure 2.7A). When looking at the comparison 

of DMN structures to the corpus callosum, it is important to note that the corpus callosum 

displayed correlation values that were on par with some DMN regions. This could be due 

to its size and potential grey matter contamination; however, this also demonstrates the fact 

that the global signal by nature captures signal from many different structures. While not 

all of those signals may be of interest, the combination of those signals with notable 

contribution from grey matter structures begs careful consideration of how the global signal 

is utilized. We also showed that functional connectivity within the DMN decreased after 

global signal regression (Figure 2.7B), implying that this network’s activity is notably 

represented in the global signal.  
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In humans, areas of high correlation to the global signal are most notable along the 

posterior midline and in the occipital cortex, with relatively low correlation in frontal 

cortex (Billings & Keilholz, 2018; Power et al., 2017). The reason behind these regional 

differences between rat and human studies could be largely due to anatomical and 

functional differences in brain organization across species (Xu et al., 2022). For example, 

when considering the midline, higher correlation in humans was observed in posterior 

regions, whereas in rats, higher correlation is observed along the anterior midline, more 

specifically, the cingulate cortex. This is in accordance with defined regions that make up 

that DMN for each species; the precuneus and posterior cingulate in humans (Thomas Yeo 

et al., 2011) and the cingulate and retrosplenial cortices in rats (Lu et al., 2012). 

Additionally, the human data contained notably more signal contribution from head motion 

and respiratory patterns (Power et al., 2017), factors that were largely accounted for in our 

rat study. Power et al., highlight the variability of spatial distribution of the global signal 

across individuals, scanning protocol used, and hardware artifacts (Power et al., 2017). In 

contrast, the current study saw similar results on an individual level (Anumba et al., 2023), 

possibly due to the strict control of motion and respiration.  

A previous study done in humans that used CAP analysis based on peaks of the 

global signal identified high co-activation among sensory cortices in the global signal CAP 

(X. Liu, Zhang, et al., 2018). While we did not find the same high contribution from sensory 

cortices in our rat dataset, a substantial cause of this would be the use of anesthesia with 

our rats, whereas the HCP data used in the cited study was acquired from awake humans.  

When comparing to the non-brain tissue signal, in both the static and dynamic 

methods, the tissue signal showed no resemblance to the global signal results with little to 
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no spatial coherence and very low levels of correlation and activation. These differences 

emphasize the different information contained in these two signals and support the idea 

that the global signal may contain a sizable neural component that is not present in the 

tissue signal.   

The findings of this paper indicate that DMN brain areas may contribute a 

disproportionate amount of activity to the global signal in rats. This is significant as 

preprocessing steps that eliminate the global signal in rodent studies are most likely 

removing potentially relevant information from large-scale brain activity, including 

contributions from large neural networks like the DMN and potentially whole-brain 

dynamics. However, the contribution of noise to the global signal could be stronger in 

freely breathing and awake animals.  

 

2.4.3 Effects of Anesthesia on Results 

To account for differences in brain signal that arise due to the use of an anesthetic 

(X. Liu et al., 2013; Masamoto et al., 2009; Masamoto & Kanno, 2012), we carried out our 

analysis in data collected under three different anesthetic protocols: isoflurane, 

dexmedetomidine, and isodex. The anesthetic effects of vasodilator isoflurane are mediated 

by a complex interaction with GABAergic neurotransmission (Ferron et al., 2009) through 

a completely different mechanism than the sedative effects of vasoconstrictor 

dexmedetomidine, which are mediated by interaction with alpha2-adrenergic receptors 

(Ganjoo et al., 1998). Deeper levels of anesthesia have been shown to cause less spatially-

specific functional connectivity across the brain (X. Liu et al., 2013). Consequently, the 
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anesthetic levels used in this study were kept relatively light and we continued to see 

spatially specific correlation to the global signal across all anesthetic conditions.  

One advantage of performing a study in humans or awake animals would be the 

absence of such effects, although this absence also comes with the inclusion of more 

inherent noise from motion and physiological cycles. This tradeoff however, does not 

negate the utility of using anesthetized rodents as the paralyzed, mechanically-ventilated 

rat presents a unique situation in which to study neural aspects of the rs-fMRI signal (Xu 

et al., 2022). These findings, in addition to the application of rodent disease models and 

genetic manipulation tools, are invaluable to our understanding of human brain function.  

As discussed earlier, when looking at the PSD estimates for each signal, there were 

notable differences across the anesthetics that could be attributed to a variety of factors. 

However, despite the mechanistic differences across these anesthetics, the spatial 

correlation results found were consistent regardless of the type of anesthetic used. This is 

especially apparent in Figure 2.6, Figure 2.7, and Figure 2.8, where similar brain areas are 

shown to have higher static and dynamic correlation to the global signal under isoflurane, 

dexmedetomidine, and isodex. That being said, it should be noted that different anesthetics 

showed varying levels of correlation within these structures. For example, isoflurane and 

isodex consistently show a stronger and more extensive correlation to the global signal than 

dexmedetomidine (Figure 2.6, Figure 2.7, and Figure 2.8). This difference is something to 

be considered when choosing an anesthetic for rodent studies and how said anesthetic could 

affect the global signal’s involvement with the data. Despite the anticipated anesthetic-

induced effects on brain activity, the results of the present study demonstrate consistent 

non-random correlation to global brain signal with a similar spatial distribution across 
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anesthetic conditions, indicating that these results are unlikely to be artifacts of the 

anesthesia. 

 

2.4.4 Limitations 

One limitation of this study is the fact that the timing of introduction for the 

anesthetics varied from scan to scan, due to differences in time required for setup and 

maintenance of physiological conditions. Despite this difference, similar results were 

found across scans when these analyses were done on an individual basis (Anumba et al., 

2023). Because we were primarily interested in the spatial differences between the tissue 

and global signal, we averaged all timepoints corresponding to peak activity to obtain a 

single CAP for each signal, rather than cluster the results into multiple CAPs. Further 

insight into which areas of the brain contribute to the global signal at different timepoints 

might be obtained with the clustering approach. Moreover, CAP analysis is only one tool 

available for time-resolved analysis of resting state fMRI, and other methods such as 

sliding window correlation, signal complexity, or spatiotemporal patterns might provide 

further insight into the characteristics of the global signal (S. Keilholz et al., 2020; S. D. 

Keilholz et al., 2013; Majeed et al., 2011). 

 

2.5 Conclusion 

Our findings provide strong evidence that the global signal and the acquired non-brain 

tissue signal contain different information and that the information contained in the global 
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signal is likely to include substantial contributions related to neural activity. The global 

signal is often attributed to large-scale contributions from motion and noise, both of which 

were considerably reduced in this study. As a result, we believe it is reasonable to suggest 

that a substantial amount of the effects we are seeing stem from neural origins. The relative 

paucity of noise related to motion and physiological cycles in the global signal suggests 

that for studies in anesthetized rodents, global signal regression is likely to do more harm 

than good, attenuating information about neural activity while making only modest 

reductions in other noise. For humans, where motion and physiological noise make greater 

contributions, the implications of the study are less clear, but at a minimum this work 

should motivate a cautious approach to the removal of the global signal, and an additional 

level of care in the interpretation of the results. 
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CHAPTER 3. INVESTIGATING THE EFFECTS OF LC 

STIMULATION ON THE GLOBAL SIGNAL AND QPPS 

Motivation: Patterns of whole-brain dynamic activity in rs-fMRI, such as the BOLD 

global signal and QPPs, have been known to change with different brain states, arousal in 

particular. The LC is not only known to be involved in arousal but also has extensive 

projections throughout the brain, giving it neuromodulatory influence over the coordinated 

activity of structurally separated regions. This study sought to investigate the role that LC 

activity plays in the BOLD global signal and QPPs in rats.  

Methods: Optogenetic-fMRI was used to stimulate the LC at different frequencies while 

obtaining whole-brain imaging data. Analysis of this data utilized Pearson’s linear 

correlation to measure functional connectivity and establish voxel-wise correlation to the 

global signal, a power spectral density estimate to assess frequency involvement in the 

global signal, a pattern-detection algorithm to identify QPPs, and complex principal 

component analysis (CPCA) as an additional approach to investigate these spatiotemporal 

patterns. 

Results: We report spatially specific changes in global signal distribution as a result of 

tonic LC stimulation (Section 3.3.3) as well as regional changes QPP activity at 5 Hz tonic 

and 15 Hz phasic stimulation (Section 3.3.5). We also found similar results to those found 

in humans regarding CPCA components and discovered differences in these components 

when comparing WT animals to an Alzheimer’s model (Section 3.3.6).  
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Conclusion: These results show that the effects of LC activity on the BOLD global signal 

and QPPs in rats may be small and regionally specific, as opposed to widespread and 

globally acting. This study provides additional information into our understanding of how 

global spatiotemporal dynamics are affected by neuromodulation and changing brain 

states.  

 

3.1 Background 

Functional MRI (fMRI) is increasingly used to non-invasively study changes in 

brain activity. In particular, the study of dynamically changing resting-state fMRI (rs-

fMRI) signals that span multiple brain regions provides an opportunity to better understand 

the intrinsic contexts of large-scale communication across the brain. One such signal that 

has been the source of much debate over the years is the blood oxygenated level dependent 

(BOLD) global signal, often measured to be the average of all brain activity over the course 

of a scan. Often used as a nuisance regressor, the global signal can be regressed out of a 

scan to successfully reduce the effects of widespread noise in rs-fMRI data (Birn et al., 

2006; Parkes et al., 2018; Satterthwaite et al., 2012; Yan et al., 2013); although the 

existence of resting state networks and large-scale patterns of activity have caused many 

to pause at the removal of the global signal from fMRI datasets (Ciric et al., 2017; Fox et 

al., 2009; Liu et al., 2017; Murphy & Fox, 2017; Saad et al., 2012). Like the global signal, 

quasi-periodic patterns (QPPs) are comprised of the simultaneous activity of multiple brain 

structures that are defined by varying networks and functions. The term QPP is used to 

describe the semi-regular waves of alternating activity between different structures and 
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networks that have been observed across species. QPPs are most often characterized as 

propagating wave-like patterns of anticorrelation between the default mode network 

(DMN) and task positive network (TPN) in humans (Majeed et al., 2011) and between the 

rodent DMN and lateral cortical network (LCN), which is believed to exhibit similar 

activity to the human TPN, in rodents (Belloy et al., 2018). They are also thought to 

organize functional connectivity across the brain and contribute to the global signal (Abbas 

et al., 2019; Belloy et al., 2018; Yousefi et al., 2018). Despite most often being measured 

during resting state, both of these signals have been shown to exhibit notable changes 

during arousal and in correspondence with vigilance-related measures. The global signal is 

well known to be inversely correlated with various measures of vigilance and arousal 

across different species. In humans, an EEG measurement of vigilance was found to be 

inversely correlated with the amplitude of the global signal (Wong et al., 2013, 2016). A 

negative correlation to the global signal was also found with a local field potential (LFP) 

measure of arousal in non-human primates (Chang et al., 2016), and a study in mice used 

pupil diameter as a proxy for arousal and showed that changes in pupil diameter were 

anticorrelated to changes in global hemodynamics (Pisauro et al., 2016). Additionally, the 

introduction of caffeine as a measure of vigilance has been shown to increase anti-

correlation between the DMN and the TPN (Wong et al., 2012), and a wave-like 

propagation of phase shifts was reported to occur as a result of infra-slow arousal-related 

activity (Raut et al., 2021). These relationships present a need to better understand the 

genesis of and underlying mechanisms behind these signals, and consequently their explicit 

association with arousal states. 
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In recent years, the locus coeruleus–norepinephrine (LC-NE) neuromodulatory 

system has gained a lot of attention for the potential role that it plays in these spatiotemporal 

dynamic signals. As the primary brainstem nucleus for NE synthesis and release throughout 

the central nervous system, the vast projections of the LC have strong potential to influence 

whole-brain levels of activity. Of interest to fMRI in particular, it has also been shown that 

LC-NE vascular innervation helps to optimize neurovascular coupling leading to a 

potential increase in sensitivity of the BOLD signal (Bekar et al., 2012). Among being 

known to play a role in cognition and sleep, the LC is perhaps most known for its role in 

attention and arousal (Aston-Jones & Cohen, 2005; Benarroch, 2018), providing further 

cause to investigate its involvement in the BOLD global signal and QPPs. In fact, evidence 

shows that the activity of brainstem nuclei may play a significant role in large-scale 

spatiotemporal signals (van den Brink et al., 2019). Turchi et al., showed that inhibition of 

the basal forebrain decreased the amplitude of global signal fluctuations (Turchi et al., 

2018). However, these effects were more pronounced during less alert behavioral states, 

indicating a connection of this effect to arousal and potentially the activity of other 

brainstem nuclei. The origin of QPPs has been speculated to arise from the activity of 

neuromodulatory brainstem nuclei (Abbas et al., 2019) and preliminary work has shown 

that extreme interventions of NE levels drastically reduce the detection of QPPs (Abbas et 

al., 2018). The cholinergic and noradrenergic systems have been hypothesized to work in 

an almost opposing manner in their influence over widespread cognitive processing, with 

the LC-NE system in particular believed to coordinate and integrate activity across 

structurally segregated regions (Shine, 2019). LC activation has further been shown to 
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effect large-scale measures of activity by strengthening brain-wide connectivity and even 

modulating nodes of the DMN (Oyarzabal et al., 2021; Zerbi et al., 2019).  

In this study, we aimed to further investigate the role played by the LC-NE system 

in the composition of the BOLD global signal and QPPs through the utilization of 

optogenetic-fMRI. In contrast to the use of chemogenetics, optogenetics provides us with 

the additional control needed to not only stimulate the LC, but to selectively stimulate it at 

different frequencies. We used optogenetic-fMRI in rats to investigate distinct 

characteristics of the BOLD global signal and QPPs during low tonic (2 Hz), high tonic (5 

Hz), and phasic burst (15 Hz phasic) stimulation of the LC. For certain analyses we also 

investigated the effects of Alzheimer’s disease (AD) on whole-brain dynamic signals using 

the AD rat model TgF344-AD (Cohen et al., 2013). The LC itself has been shown to be the 

first brain structure to exhibit AD pathology and has projections to many regions that are 

prone to severe atrophy in AD such as the hippocampus and many cortical structures 

(Braak et al., 2011; Braak & Del Tredici, 2011; Elobeid et al., 2012; Grudzien et al., 2007). 

The TgF344-AD rat model carries mutant human amyloid precursor protein (APPsw) and 

presenilin-1 (PS1ΔE9) genes and has been shown to develop tau pathology in the LC before 

the entorhinal cortex and hippocampus (Cohen et al., 2013; Rorabaugh et al., 2017). In 

executing certain analyses in an AD model, we hoped to gain a better understanding of 

how some of these whole-brain metrics are affected by widespread degeneration and 

dysfunction as caused by Alzheimer’s disease. We report spatially specific changes in 

global signal distribution under tonic LC stimulation as well as regional changes in QPP 

involvement under 5 Hz tonic and 15 Hz phasic stimulation. We also show differences in 

functional connectivity as a result of AD, as well as age-specific AD effects in the primary 
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principal components as captured by complex principal component analysis (CPCA). 

These results show that the neuromodulatory effects of the LC-NE system on large-scale 

spatiotemporal patterns may be small in scale and more regionally specific than initially 

thought. 

 

3.2 Materials and Methods 

An overview of the methods involved in the optogenetic-fMRI experimentation from 

initial surgery to data analysis can be seen in Figure 3.1. 

 

 

Figure 3.1 Methods timeline of optogenetic-fMRI experiments. When rats were 2-

months old, they were given bilateral injections to the LC with a lentivirus containing the 

noradrenergic promotor PRSx8, the mCherry fluorescent protein, and channelrhodopsin-2 

if they were not control animals. Two to four weeks before scanning took place, animals 

were implanted unilaterally with an optic ferrule over the LC. At 6 months of age, animals 

underwent an fMRI scanning session with varying levels of simultaneous optogenetic LC 

stimulation. After scanning, all fMRI data was preprocessed and analyzed. 
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3.2.1 Animal Preparation 

Two separate cohorts of different ages, 6-month-old and 15-month-old, of male and 

female TgF344-AD Fischer rats that were heterozygous for the APPsw/PS1deltae9 

transgene in addition to their wildtype (WT) littermates were used in this study. For 

analyses that showcase the effects of LC stimulation only 6-month-old WT animals were 

included (For mCherry control groups: n = 9, 8, 7, 8 for baseline, 2 Hz, 5 Hz, and 15 Hz 

phasic groups, respectively; For ChR2 groups: n = 7, 4, 5, 6 for baseline, 2 Hz, 5 Hz, and 

15 Hz phasic groups, respectively). For analyses that include AD rats, 6-month and 15-

month-old mCherry control groups of WT and AD were included (6-month WT mCherry 

control groups reported above; For 15-month WT mCherry control groups: n = 10, 6, 9, 9 

for baseline, 2 Hz, 5 Hz, and 15 Hz phasic groups, respectively; For 6-month AD mCherry 

control groups: n = 11, 9, 10, 9 for baseline, 2 Hz, 5 Hz, and 15 Hz phasic groups, 

respectively; For 15-month AD mCherry control groups: n = 12, 10, 10, 9 for baseline, 2 

Hz, 5 Hz, and 15 Hz phasic groups, respectively). For a breakdown of how many animals 

and scans were included for each group refer to Table 3.1. Expression of both virus and 

cFos in the LC were verified post-mortem and ChR2 animals that lacked expression were 

either eliminated from the study or moved to the control group. Difference in scan number 

across groups can also be explained by the elimination of scans with significant artifacts as 

well as by the study design in which each session contained more scans of certain 

conditions (e.g., each session included two baseline and 15 Hz phasic scans) (Figure 3.2). 

All analyses were also performed on 6-month AD ChR2 animals, 15-month WT ChR2 

animals, and 15-month AD ChR2 animals, however these results are not included in the 
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results section due to small group sizes. Results for these groups as well as their group sizes 

can be found in APPENDIX A. All rats were bred in-house, kept on a 12 hr light/dark cycle 

(lights on at 7:00 am), and provided access to food and water ad libitum throughout the 

experimental period. Rats were group-housed in groups of 2-3 animals up until 

implantation of the optic ferrule, after which they were singly housed until they underwent 

scanning in the MRI machine (between 2-4 weeks). Experimental groups were comprised 

of animals of both sexes as past work has shown a lack of significant sex-based differences 

in this specific model (Cohen et al., 2013), and each rat was randomly assigned to an 

experimental group. For a breakdown of the sex makeup of each group refer to Appendix 

Table 2. All protocols used in this study were approved by the Institutional Animal Care 

and Use Committee (IACUC) at Emory University and all procedures were performed in 

accordance with the IACUC protocols.  

 

Table 3.1 Animal group sizes. 

 

 

6-month WT 

mCherry 

 
Animals 

(Scans) 

 

 

6-month WT 

ChR2 

 
Animals 

(Scans) 

 

 

6-month AD 

mCherry 

 
Animals 

(Scans) 

 

 

15-month WT 

mCherry 

 
Animals 

(Scans) 

 

 

15-month AD 

mCherry* 

 
Animals 

(Scans) 

 

Baseline 9 (15) 7 (13) 11 (19) 10 (18) 12 (18) 

2 Hz 8 (8) 4 (4) 9 (11) 6 (6) 10 (11) 

5 Hz 7 (7) 5 (5) 10 (13) 9 (10) 10 (12) 
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15 Hz Phasic 8 (12) 6 (10) 9 (13) 9 (14) 9 (15) 

*The 15-month AD mCherry control group included sessions for some rats that had fewer 

timepoints than the others and consequently (due to the necessity of scan concatenation), 

scans from these animals were removed for CPCA, network-level functional connectivity, 

and QPP analysis. The adjusted group sizes of the 15-month AD mCherry group for these 

analyses were 9 (14), 8 (9), 8 (9), and 8 (13) for baseline, 2 Hz, 5 Hz, and 15 Hz phasic 

scans, respectively.  

 

3.2.2 Surgery and Pupillometry 

Stereotaxic surgery was performed on all rats at 2-months of age. Rats were initially 

put under anesthesia with 5% isoflurane. Isoflurane was then lowered to 2% for the 

remainder of the surgery and rats were given ketoprofen (5 mg/kg, s.c.) directly following 

incision. To avoid contact with the sagittal sinus a 15-degree head tilt was utilized and 

bilateral injections (1.3 ul/hemisphere) of lentivirus expressing either channerhodopsin-2 

(ChR2)-mCherry or mCherry alone were administered to the rats to target the LC (AP: -

3.8 mm from lambda, ML: +/- 1.2 mm, DV: 7.0 mm from skull surface). Both ChR2 and 

control animals included the fluorescent protein mCherry in order to verify viral expression 

in post-experimental imaging. After the infusion, the needle was left for 5 minutes after 

which it was moved 1 mm dorsally and 2 minutes were allotted to permit appropriate viral 

diffusion at the injection site. In order to limit viral expression to noradrenergic LC 

neurons, PRSx8 was utilized as a noradrenergic-specific promotor (Hwang et al., 2001).  

Between 2–4 weeks before undergoing MRI scanning rats were implanted with a 

fiber optic ferrule (FG200UCC, 200 um, 0.22 NA, 7.5 mm length; Thorlabs) above the LC 

to enable delivery of optogenetic stimulation. The hemisphere in which the LC was 
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targeted was randomized for each rat so that stimulation of both the left and right LC were 

incorporated into group analysis. The aforementioned surgical protocol was observed with 

optic ferrules being implanted dorsal to the LC (AP: -3.8 mm from lambda, ML: +/-1.2 

mm, DV: 6.5-6.8 mm from skull surface). Afterwards, the skull was implanted with three 

MRI-compatible screws. 

Stimulation of the LC has been shown to result in pupil dilation, providing a useful 

measure to verify successful viral expression and optic ferrule targeting. We performed 

this verification via pupillometry following previously published setup and procedure 

protocols (Privitera et al., 2020; Zerbi et al., 2019). Our setup involved the use of a 

Raspberry Pi NoIR Camera Module V2 night vision camera, an infrared light source, and 

a Raspberry Pi 4 Model B (CanaKit). During optic ferrule implantation, while the rats were 

still under anesthesia, 90 seconds of pupil recordings were taken of the eye ipsilateral to 

the hemisphere of the stimulated LC. The recordings were comprised of 30 seconds of 

baseline (no stimulation) followed by 30 seconds of LC stimulation via constant laser 

exposure and ended with another 30 seconds of post-stimulation baseline footage (Figure 

3.3). After successful viral expression and LC stimulation had been verified, dental cement 

was used to fix the optic ferrules in place. Rats were then given approximately 2-4 weeks 

to recover from surgery before they underwent MRI scanning.   

 

3.2.3 fMRI Data Acquisition 

On the day of MRI scanning, rats were initially inducted under anesthesia for 5 

minutes at 5% isoflurane in combination with a 2:3 ratio of O2 and medical grade air. After 
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initial induction with isoflurane, animals were maintained under 2-3% isoflurane for the 

remainder of handling and cradle preparations. Rats were intubated and administered the 

paralytic pancuronium dibromide (1.5 mg/kg/hr, s.c.) (Selleck) immediately after 

intubation. Through the tracheal tube, breathing of the rats was maintained at 1.6 Hz by 

use of a ventilator. Animals were then placed in a custom-made MRI cradle where a 

custom-made transmit-receiver surface coil was placed over the brain and the optic fiber 

patch cord was connected to the optic ferrule. Animals were then head-fixed with ear bars 

and their teeth secured in a bite bar to limit head motion during scanning. To prevent the 

escape of light during stimulation, a black marker was used to ‘blackout’ the headcaps and 

tape was placed over the connection between the optic fiber and the optic ferrule implant. 

Eye ointment was placed over both eyes prior to scanning and isoflurane was reduced to 

1.3% and maintained at this level for the rest of the scanning session. Heart rate and blood 

oxygen levels of the animals were monitored throughout the scanning session using a pulse 

oximeter that was connected to the hindpaw of the animal. Temperature of the rat during 

scanning was maintained at 37  0.5 C using a heated water bath system.  

All fMRI scans were acquired using a 9.4T Bruker Biospec MRI scanner with a 20 

cm horizontal bore. Scans were 10 minutes in length and were gradient-echo echo-planar 

imaging (EPI) with partial Fourier encoding with a factor of 1.4. The following parameters 

were used to acquire the images: isotropic voxel size = 0.5 mm3, matrix size = 70 x 70, 

slice number = 24, TE = 15 ms, TR = 1250 ms, flip angle = 90, bandwidth = 216.45 kHz. 

All scans were phase-locked so that each acquisition was set to occur at a multiple of the 

animal’s respiratory rate. In this study, the repetition time of 1250 ms (0.8 Hz) was 

employed to acquire images at the frequency of every other breath of the 1.6 Hz respiration 
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rate. This practice was adopted to ensure that each image slice was obtained at the same 

point in the animal’s respiratory cycle and therefore limit motion-induced artifacts as a 

result of chest cavity movements during respiration (Pan et al., 2020). A single volume 

reversed blip EPI image with the same parameters was acquired before each 10-minute 

scan and used for topup correction (Andersson et al., 2003; Smith et al., 2004). Saturation 

bands were used with all functional EPI scans to minimize signal from outside of the brain, 

additionally, each scan was preceded by 10 dummy scans for system calibration purposes. 

 

 

Figure 3.2 Scanning session timeline. All scanning sessions consisted of eight 10-minute 

fMRI scans with three minutes between scans. Stimulation of the LC was done at 2 Hz, 5 

Hz, and 15 Hz phasic bursts to replicate the common modes of firing displayed by the LC. 

Each session started with a baseline scan (no stimulation) that was followed by the 

remaining seven scans in a pseudo-randomized order. The block stimulation scans were 

not used in this study. 
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Four different levels of LC stimulation were incorporated into this study: baseline 

(i.e., no stimulation), 2 Hz stimulation, 5 Hz stimulation, and a 15 Hz phasic stimulation 

(comprised of 3 pulses of stimulation at 15 Hz every 10 seconds). These frequencies were 

chosen to mimic the distinct firing modes that have been observed to occur naturally in the 

LC. The LC is characterized by three distinct firing modes: low tonic, high tonic, and phasic 

burst firing. Low tonic firing (1–2 Hz) is observed under a generalized awake state, high 

tonic firing (3–8 Hz) is observed in the presence of stressful events and stimuli, and phasic 

burst firing (10–20 Hz phasic bursts) helps drive goal-directed behavior and focused 

attention (Berridge & Waterhouse, 2003; Carter et al., 2010; Chalermpalanupap et al., 

2017; McCall et al., 2015). Each scanning session consisted of a total of eight scans that 

were presented in a pseudo-randomized order: two baseline scans and two scans each at 2 

Hz, 5 Hz, and 15 Hz phasic stimulation (Figure 3.2). For the scans in which 2 Hz and 5 Hz 

stimulation was presented, one of the two scans was acquired with constant stimulation at 

that frequency for the entirety of the 10 minutes, while a block design of stimulation (10 

seconds of stimulation and 20 seconds of rest) was employed for the other scan. Only the 

constant stimulation scans are included in this study. Each session started with a baseline 

scan, a 5 Hz constant scan was employed as the fourth scan and followed by the second 

baseline scan; the placement of all other stimulation levels was randomized for each 

session. Placement of the 5 Hz constant stimulation scan was maintained to ensure optimal 

expression of cFos during staining approximately 90 minutes later (Tillage et al., 2020). 

All optogenetic stimulation was done with 60mW of laser power with 10 ms-long pulses. 

Three minutes was allotted between scans to allow for norepinephrine levels to return to 

baseline post-stimulation.   
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3.2.4 Preprocessing 

Preprocessing of fMRI data was done using the Rodent Whole-Brain fMRI Data 

Processing Toolbox (Xu et al., 2023). Through use of this toolbox, the following 

preprocessing steps were performed: slice time correction, motion correction, topup 

correction, nuisance regression (constant, linear, and quadratic trends as well as 6 motion 

regressors), normalization, bandpass filtering (0.01–0.1 Hz), spatial smoothing (FWHM = 

0.5 mm), and registration to and seed extraction from the functional SIGMA-Wistar atlas 

(Barrière et al., 2019).  

 

3.2.5 Tissue Preparation and Immunohistochemistry 

After scanning was complete, the rats were removed from the ventilator and 

perfused immediately. Perfusion of the rats was done with 0.1 M kPBS before being 

followed up by 4% paraformaldehyde. After brains were extracted, they were placed in 4% 

paraformaldehyde and stored overnight before being moved to 30% sucrose for a minimum 

of 3 days before slicing. Brain slices were 30 um in thickness at the level of the LC and 

sections were mounted on Colorfrost® Plus slides (Erie Scientific) to be stained (if not 

stained right away, sections were stored in cryoprotectant until they were stained). As 

mentioned before, neutral red was used to counterstain the mounted sections for 

confirmation of correct placement of the optic ferrule implant.  
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Free floating sections at the level of the LC were washed 3 x 5 minutes in 1x PBS 

and then incubated for 1 hour in blocking buffer (5% normal goat serum, 3% bovine serum 

albumin in 0.1% PBST). After this, sections were incubated in chicken anti-tyrosine 

hydroxylase (TH) (1:1000;) and rabbit anti-cFos (1:3000;) for 48 hours. Sections were then 

washed 3 x 5 minutes in 1x PBS and incubated for 2 hours with the corresponding 

secondary antibodies goat anti-rabbit 488 and goat anti-chicken 633 (1:500;). Then, 

sections were washed again 3 x 5 minutes and mounted on slides, dried, and coverslipped.  

The aforementioned sequence of scan stimulation levels was orchestrated so that 

the sacrifice of the animal would occur approximately 90 minutes after a scan with constant 

5 Hz stimulation had been acquired. This was done in order to stain for cFos, an immediate 

early gene and neuronal activity marker, on a timeline that has previous been reported 

(Tillage et al., 2020). A Leica DM6000B epifluorescent upright microscope was used to 

image the sections at 10x. Using ImageJ, TH was used as a marker to manually outline the 

LC, a common Otsu threshold was set and despeckling was performed. Then, the number 

of cFos labelled cells was counted using standard criteria (pixel size: 100-infinity and 

circularity: 0.7-1.0). A two-way repeated measures ANOVA was used to assess differences 

in cFos expression across groups. 

 

3.2.6 Data Analysis 

3.2.6.1 Functional Connectivity 



 51 

Functional connectivity was calculated by performing a Pearson’s linear correlation 

between the timecourses of all atlas parcellations. Connectivity matrices were acquired for 

each scan individually and then Fisher Z-transformed prior to being averaged by group. A 

two-sample t-test was performed for each group between baseline and the 2 Hz, 5 Hz, and 

15 Hz phasic stimulation levels at both the parcellation level and the network level (for 

which connectivity values within each network were averaged to represent that network). 

Significant effects were defined as those whose p-values were < 0.05. A post-hoc False 

Discovery Rate (FDR) test was performed on the results of the t-tests to account for 

multiple comparisons.  

 

3.2.6.2 Spatial Distribution of the Global Signal 

In order to investigate how LC stimulation affects the spatial aspect of the global 

signal, the regional distribution of the global signal was assessed. The global signal was 

calculated by extracting all timecourses within the brain region and averaging them into a 

single timecourse. The global signals for each scan were then z-scored by subtracting the 

mean and dividing by the standard deviation. The scans and global signals for each group 

were concatenated and the timecourse of each voxel within the brain was correlated to the 

global signal via a Pearson’s linear correlation. The map of correlation values of each voxel 

to the global signal are displayed by group. All analysis was performed in MATLAB using 

custom scripts.  
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3.2.6.3 Power Spectral Density Analysis of the Global Signal 

The frequency of the global signal was observed by way of a power spectral density 

(PSD) analysis. PSD estimates were obtained in MATLAB using Welch’s method with a 

Hamming window and 50% overlap. The global signals for each group were z-scored and 

concatenated, after which a PSD was calculated for the concatenated signals producing the 

group results.  

 

3.2.6.4 QPP Analysis 

QPPs were calculated using a repeated pattern detecting algorithm that was initially 

reported in (Majeed et al., 2011) and later modified in (Yousefi et al., 2018). This algorithm 

starts by taking a template, comprised of a number of images within the scan that is dictated 

by the user defined window length, and uses a sliding window approach to correlate this 

template to each timepoint of the acquired scan. A threshold is set for the correlation 

timecourse and at all points at which the correlation between the template and the scan is 

higher than the threshold, the images are taken and averaged to create a new template. This 

process is repeated until the template does not change after two iterations (cc > 0.9999). 

The modified pattern finding algorithm used in this study differs from that which was 

initially reported in that instead of this process being carried out only a certain number of 

times as defined by the user, the process is executed with a starting template from every 

scan timepoint with the best template (the one with the highest supra-threshold correlation 

sum) being chosen from among them. This modification results in a more robust pattern-

detection method that is independent of algorithm starting point. Prior to the detection of 
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QPPs, the global signal was regressed from each scan as inclusion of the global signal is 

known to obscure the detection of network-alternating QPPs (Yousefi et al., 2018). For 

group QPP analysis, the algorithm was run on the concatenation of all scans within said 

group.  

To assess the frequency of QPP occurrence for each group, a histogram of the final 

sliding template correlation (STC) timecourse for each group was created. STC values 

above the standard threshold of 0.2 were considered to be QPP events. To evaluate the 

pattern of the QPP itself, the final template provided by the algorithm was observed and 

compared between groups. This analysis was performed in MATLAB using custom scripts. 

 

3.2.6.5 Complex Principal Component Analysis (CPCA) 

As a way to further investigate the spatiotemporal dynamics of this dataset we 

performed complex principal component analysis, or CPCA. Through the application of 

PCA on the complex Hilbert-transformed BOLD timecourses, CPCA provides a way to 

assess the magnitude and phase-lag differences between the activity of different brain 

structures. These transformed BOLD signals contain a real part (the magnitude) and an 

imaginary part (the phase). Subsequently, the principal components extracted from these 

complex signals are also complex, allowing us to observe both the magnitude and the phase 

attributes of each component. CPCA was performed using a python command line script 

(Bolt, 2023/2023) that utilizes a randomized singular value decomposition (SVD) 

algorithm that was developed by Facebook (Facebookarchive/Fbpca, 2014/2024). Custom 

MATLAB scripts were then used to visualize and evaluate the magnitude, phase, and 
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incidence of the first three principal components. Incidence of a principal component at 

any given timepoint was defined by which of the first three components explained the most 

variance in the scan at that timepoint. 

 

3.3 Results 

3.3.1 Multimodal Confirmation of Optogenetic LC Stimulation 

Taking advantage of the link between LC activity and pupil dilation, we used 

pupillometry to confirm accurate placement of the optic ferrule implant and expression of 

the virus (Figure 3.3A). This was done by recording robust dilation of the ipsilateral pupil 

in ChR2 expressing animals during optogenetic stimulation; stimulation-driven pupil 

dilation was not observed in animals expressing the mCherry control virus. Pupil dilation 

was quantified and compared between all mCherry and ChR2 animals (Figure 3.3B). After 

scanning and sacrificing the animals, optic ferrule placement was further confirmed via 

staining using a neutral red counterstain, immunofluorescence indicating viral expression, 

and staining for the immediate early gene cFos displaying activation of the LC (Figure 

3.3C). For cFos staining a two-way repeated measures ANOVA revealed no effect of virus 

(F(1,39) = 1.83, p = 0.18), a main effect of hemisphere (F(1, 39) = 29.03, p < 0.0001), 

subject (F(39, 39) = 5.83, p < 0.0001), and a virus x hemisphere interaction (F(1, 39) = 

37.51, p < 0.0001). Tukey’s multiple comparison tests revealed significant differences 

between the stimulated hemisphere of mCherry and ChR2 injected animals (p = 0.0006) 

and between the stimulated and non-stimulation hemisphere in ChR2 animals (p < 0.0001) 

(Figure 3.3D). For the 15-month animals (data shown in APPENDIX A), a two-way 
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repeated measures ANOVA showed a main effect of virus (F(1,32) = 6.245, p = 0.018), of 

hemisphere (F(1, 32) = 64.54, p < 0.0001), subject (F(32, 32) = 12.82, p < 0.0001), and a 

virus x hemisphere interaction (F(1, 32) = 82.4, p < 0.0001). Tukey’s multiple comparison 

tests revealed significant differences between the stimulated hemisphere of mCherry and 

ChR2 injected animals (p < 0.0001) and between the stimulated and non-stimulation 

hemisphere in ChR2 animals (p < 0.0001). 

 

 

Figure 3.3 Confirmation of LC optogenetic stimulation and LC noradrenergic 

activity. Verification of accurate viral expression in the LC was done using pupillometry. 

(A) shows the visual increase in pupil diameter experienced during LC stimulation via 

optic fiber. (B) The change in pupil radius was quantified and compared between all 

mCherry animals and all ChR2 animals. (C) cFos expression was used to confirm the 

activity of LC neurons roughly 90 minutes after constant stimulation at 5 Hz. Shown is a 

representative image of an mCherry and a ChR2 animal and the differences in cFos 
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expression between their stimulated and non-stimulated hemispheres. (D) The cell count 

of neurons expressing cFos quantified for both the mCherry and ChR2 animals at 6 months 

and 15 months (data shown in APPENDIX A). 

 

3.3.2 Functional Connectivity 

In order to detect any potential whole-brain effects of LC stimulation we first 

looked at whole-brain functional connectivity (Figure 3.4). When comparing each 

stimulation level to baseline no large-scale effects on functional connectivity were 

observed. Smaller significant changes, however, were observed at the parcellation level for 

each stimulation level. Upon 2 Hz stimulation scattered changes in connectivity were 

primarily seen in regions in the olfactory and pons networks. However, only three changes 

were maintained at the network level, the limbic network to the somatosensory and 

thalamic networks, as well as the connectivity between the olfactory and retrosplenial 

network. None of these effects were significant enough to pass FDR correction for multiple 

comparisons. At 5 Hz stimulation scattered significant effects were seen involving regions 

within the somatosensory, striatal, olfactory, and pons networks. Only the connectivity 

between the limbic and pons networks was maintained at the network level which did not 

pass FDR correction. During 15 Hz phasic LC stimulation, detected significant changes in 

connectivity were more scattered across the brain and were not maintained at the network 

level. No effects during 15 Hz phasic stimulation passed FDR correction for multiple 

comparisons. The results for 6-month AD ChR2, 15-month WT ChR2, and 15-month AD 

ChR2 are shown in APPENDIX A. 
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Figure 3.4 Functional connectivity differences as a result of LC stimulation. Results 

and comparisons between baseline and 2 Hz (A), 5 Hz (B), and 15 Hz phasic (C). The first 

row shows the Fisher Z-transformed Pearson’s correlation values used to calculate 

functional connectivity, where the bottom triangle across all columns is connectivity for 

the baseline scans. The top triangle is the functional connectivity for the respective 

stimulation level. The middle row of figures shows the statistical outcomes of an unpaired 

t-test between baseline and the respective frequency of stimulation at the parcellation level. 

The bottom triangle shows the p-values for all comparisons and the top triangle shows 

statistically significant comparisons before FDR correction (p < 0.05). The bottom row 

shows the same as the middle row at the network level. Network abbreviations are as 

follows: Cg = cingular; L = limbic; S = somatosensory; In = insular; Str = striatal; M = 

motor; O = olfactory; Th = thalamus; HTH = hypothalamus; RSC = retrosplenial; HF = 

hippocampal formation; V = visual; Tg = tegmentum; Col = colliculi; P = pons; Amy = 

amygdala. 

 

Given that the LC is a bilateral structure and has been shown to produce unilateral 

effects as a result of stimulation (Grimm et al., 2022), we looked at functional connectivity 

as divided by stimulated hemisphere (Figure 3.5). It is important to note that in doing this, 
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certain groups sizes were largely diminished (e.g., n = 1). So, while these results should be 

taken cautiously, they provided a general overview of any potential unilateral effects that 

could arise from unilateral LC stimulation. Although upon first glance stimulation of the 

right hemisphere appeared to result in stronger connectivity across the brain, with the 

exception of 5 Hz, the group sizes for left-stimulated scans were smaller than those of the 

right side. Additionally, since this effect could also be seen in the baseline scans it is more 

likely that this is a result of individual subject variability than it is of LC stimulation. 

 

 

Figure 3.5 Functional connectivity matrices as divided by stimulated hemisphere. (A) 

Functional connectivity matrices for animals stimulated on the left hemisphere. (B) 

Functional connectivity for matrices stimulated on the right hemisphere. Differences at the 

baseline level in addition to small groups sizes indicate that differences shown are a result 

of individual variability and not differences caused by stimulated hemisphere. Network 

abbreviations are as follows: Cg = cingular; L = limbic; S = somatosensory; In = insular; 

Str = striatal; M = motor; O = olfactory; Th = thalamus; HTH = hypothalamus; RSC = 

retrosplenial; HF = hippocampal formation; V = visual; Tg = tegmentum; Col = colliculi; 

P = pons; Amy = amygdala. 
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We also compared the baseline functional connectivity between the WT and AD 

animals at 6 months and 15 months of age (Figure 3.6). At 6 months, certain regions 

showed stronger connectivity in the AD animals than in the WT, whereas at 15 months 

more regions showed similar if not weaker connectivity in AD than WT. Significant 

changes were observed when comparing across genotype and these changes were notably 

different at the two age points. At the 6-month timepoint many significant connectivity 

changes were seen in regions within the limbic, somatosensory, olfactory, thalamic, 

hippocampal, and amygdala networks. At the network level, significant connectivity 

changes were dominated by the olfactory network, hypothalamic network, insular network, 

and the amygdala. However, none of these changes passed FDR correction for multiple 

comparisons. At 15 months, widespread changes in connectivity were observed with many 

regions pertaining to the cingular, limbic, insular, olfactory, hippocampal networks, and 

the amygdala. At the network level, significant changes were seen for the cingular network, 

the limbic network, within the insular, striatal, and motor networks, as well as in the pons 

and amygdala. The only effect that survived FDR correction was connectivity between the 

amygdala and the limbic network (adjusted p = 0.0319).  
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Figure 3.6 Functional connectivity differences between WT and AD animals. Results 

and comparisons between wildtype (WT) and Alzheimer’s model (AD) animals at 6 

months (A) and 15 months (B). The first row shows the Fisher Z-transformed Pearson’s 
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correlation values used to calculate functional connectivity, where the bottom and top 

triangles show connectivity for WT and AD animals, respectively. The middle row of 

figures shows the statistical outcomes of an unpaired t-test between WT and AD at the 

parcellation level. The bottom triangle shows the p-values for all comparisons and the top 

triangle shows statistically significant comparisons before FDR correction (p < 0.05). The 

bottom row shows the same as the middle row at the network level. Network abbreviations 

are as follows: Cg = cingular; L = limbic; S = somatosensory; In = insular; Str = striatal; 

M = motor; O = olfactory; Th = thalamus; HTH = hypothalamus; RSC = retrosplenial; HF 

= hippocampal formation; V = visual; Tg = tegmentum; Col = colliculi; P = pons; Amy = 

amygdala. 

 

3.3.3 Spatial Distribution of the Global Signal 

To assess whether LC stimulation affects the level of contribution of different brain 

regions to the global signal we assessed the spatial distribution of the global signal via a 

voxel-wise correlation analysis (Figure 3.7). In the mCherry control group across all levels 

of stimulation, higher correlation to the global signal was seen along the midline and 

bilaterally in posterior regions of the brain. This finding replicates previous work that 

investigated the spatial distribution of the global signal in a noise-controlled cohort of rats 

(Anumba et al., 2023). The same finding was generally observed in the ChR2 stimulated 

rats however the correlation values were widely elevated throughout the brain in these 

animals. Of note is the fact that although correlation values were higher throughout the 

whole brain, the increase was disproportionately higher in the central anterior region during 

2 Hz and 5 Hz stimulation of the LC. The more posterior central region of high correlation 

also appeared to be further increased during 2 Hz stimulation. The results for the 6-month 

AD, 15-month WT, and 15-month AD animals are shown in APPENDIX A. 
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Figure 3.7 Spatial distribution of the global signal during LC stimulation. (A) The 

spatial distribution of the global signal in the mCherry control animals at different levels 

of LC stimulation. Correlation is shown in Pearson’s correlation coefficients (r). The 

highest correlation to the global signal was found along the midline in anterior cortical 

structures as well as bilaterally in posterior parts of the brain, replicating previous results 

(Anumba et al., 2023). (B) The spatial distribution of the global signal in ChR2 stimulated 

animals at different levels of LC stimulation. The same pattern of highly correlated 

structures as seen in the control animals was observed here although with higher correlation 

seen throughout the whole brain. When compared to baseline, correlation in the bilateral 

posterior region was stronger during 2 Hz LC stimulation and correlation in the anterior 

medial structure was stronger during 2 Hz and 5 Hz stimulation of the LC. 

 

3.3.4 Power Spectral Density Analysis of the Global Signal 

To evaluate the frequencies contained in each scan, a PSD estimate was created for 

the scans at each stimulation level for both the mCherry control and ChR2 stimulated rats 

(Figure 3.8). Typical for resting-state fMRI scans (Pan et al., 2013), at all stimulation levels 

a low frequency (< 0.02 Hz) peak in activity was observed, after which the magnitude of 

power proceeded to steadily taper off at higher frequencies. The magnitude of this low 

frequency peak was maintained around the same level in the ChR2 stimulated animals 

when compared to the mCherry controls, with the exception of the baseline and 15 Hz 



 63 

phasic scans for which the low frequency peak was slightly larger in the ChR2 animals. 

However, no strong notable differences were observed in the power spectra when 

comparing the corresponding traces for the ChR2 animals to the mCherry controls.  

 

 

Figure 3.8 Power spectral density (PSD) estimates of the global signal. PSD estimates 

for the mCherry control animals (left) and the ChR2 stimulated animals (right) are 

displayed in this figure. All stimulation groups showed a high low-frequency peak in power 

with a gradual decrease in power as the frequency increased. In the ChR2 animals, the 

power of this low-frequency peak was higher in the baseline and 15 Hz phasic scans when 

compared to the control animals. However, no other strong differences were observed 

between the two groups of animals. 

 

3.3.5 QPP Analysis 

As described in the methods, a pattern finding algorithm was used to detect the 

occurrence of QPPs in this dataset. The STC values of the final QPP template with the 

scans of each group are shown plotted as a histogram (Figure 3.9A). The set threshold for 

a QPP event was set to 0.2 and any timepoints at which correlation was above this threshold 



 64 

were considered QPP events. The distributions of correlation values for all scan groups 

were fairly normal distributions and the baseline distributions between the mCherry and 

ChR2 animals showed a near complete overlap. However, when looking at the distributions 

for the 2 Hz and 5 Hz stimulation levels there was a higher percentage of correlation values 

above the absolute value of the 0.2 threshold in the ChR2 stimulated animals than in the 

mCherry controls. This indicates that slightly more QPP events were detected in the ChR2 

animals during 2 Hz and 5 Hz stimulation when compared to the mCherry controls.  At 15 

Hz phasic stimulation, there was more overlap between the two virus groups above the 

threshold, although this overlap was not as complete as it is for the baseline scans.  
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Figure 3.9 QPP detection and templates. (A) STC histograms for mCherry (orange) and 

ChR2 (blue) animals where values over 0.2 were considered QPP events. Very little 

difference was shown between the two animal groups; however, a slightly higher 

percentage of counts were above the 0.2 threshold for the ChR2 animals during 2 Hz and 

5 Hz stimulation. (B) QPP templates, or regional activity within the QPP, for mCherry 

animals at each stimulation level. (C) QPP templates, or regional activity within the QPP, 

for ChR2 animals at each stimulation level. Distinct differences in regional activity were 

seen during 5 Hz tonic and 15 Hz phasic LC stimulation. 

 

The QPP template generated for each scan group was also compared across groups 

as a way to assess the contributed activity of each brain region within the QPP (Figure 

3.9B-C). The templates show the waves of activation and deactivation that were 

experienced by distinct regions and that characterize the QPP. Notably, certain regions 

exhibited activity that was in phase with each other and distinctly out of phase with other 

regions, whereas other regions showed very little oscillatory activity in the pattern at all. 
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The somatosensory, insular, striatal, motor, and amygdala regions all exhibited similar 

activity that was almost exactly anti-correlated to the activity of the retrosplenial cortex, 

hippocampal formation, and certain deep brain structures. Other cortical regions, such as 

the olfactory network and cingulate cortex, and sub-cortical regions such as the thalamus, 

hypothalamus, and the pons, contributed very little to the dynamic pattern. Of importance 

is that in the ChR2 animals under 5 Hz tonic and 15 Hz phasic LC stimulation the cingulate 

cortex showed a much stronger involvement in the QPP than was observed in any of the 

control animals or at other stimulation levels in the same group. This cingulate activity, 

when present, moved in phase with the retrosplenial and hippocampal regions. 

Additionally, during 5 Hz stimulation in the ChR2 animals there was an apparent phase 

shift in the activity of the insular and striatal regions when compared to that of the 

somatosensory network. The results for the 6-month AD, 15-month WT, and 15-month AD 

animals are shown in APPENDIX A. 

 

3.3.6 Complex Principal Component Analysis (CPCA) 

Using the unique feature of CPCA to evaluate regional differences in time-lag 

activity, we performed the analysis as a distinct way to observe the spatiotemporal 

dynamics in this dataset. Of particular interest to this study is that previous work in humans 

has shown strong similarity of the first complex principal component to the BOLD global 

signal and of the second principal component to what is generally considered to be the 

anticorrelated QPP, or the observed anti-correlation between the DMN and TPN (Bolt et 

al., 2022). For this reason, also given that the majority of variance explained in the data 
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was confined to the first few components (Figure 3.12), CPCA results in this study were 

confined to the first three principal components (PC1, PC2, and PC3).  

 

 

Figure 3.10 Incidence percentage of the first three principal components during LC 

stimulation. The percentage of scan time for which each of the first 3 principal components 

was dominant is displayed in this figure. The differences between the control animals 

(orange) and the stimulated animals (blue) were compared for each level of LC stimulation. 

Incidence for PC1 across all groups was much higher than it was for PC2 and PC3. A two-

way ANOVA revealed significance on account of virus for the first two components, 

however post-hoc analysis showed no further significance at the level of stimulation. 
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The effects of LC stimulation on the incidence of each principal component were 

analyzed by comparing the percentage of scan time that was dominated by each component 

for the mCherry control group and the ChR2 stimulation group (Figure 3.10). As expected, 

across groups and stimulation levels, PC1 was responsible for the majority of the variance 

explained with scans being dominated by PC1 for about 70% of the time. Incidence of PC1 

was slightly higher for all stimulated animals as indicated by a two-way ANOVA that 

reported no effect of stimulation level (F(3, 66) = 0.68, p = 0.5691) but a significant effect 

of the virus used (i.e., whether the virus used contained ChR2 or only mCherry) (F(1, 66) 

= 6.19 , p = 0.0154). A post-hoc unpaired t-test at each stimulation level revealed no 

significant effects of the virus at baseline, 2 Hz stimulation, 5 Hz stimulation, or 15 Hz 

phasic stimulation (p = 0.3486, 0.3651, 0.1185, 0.1554, respectively). The overall 

incidence of PC2 was much lower than was observed for PC1, however incidence of PC2 

was consistently lower in ChR2 stimulated animals when compared to mCherry control 

animals. A two-way ANOVA revealed no effect of stimulation level (F(3, 66) = 0.39, p = 

0.7578) but a significant effect of the virus used (i.e., whether the virus used contained 

ChR2 or only mCherry) (F(1, 66) = 6.42, p = 0.0137). A post-hoc unpaired t-test at each 

stimulation level revealed no significant effects of the virus at baseline, 2 Hz stimulation, 

5 Hz stimulation, or 15 Hz phasic stimulation (p = 0.2821, 0.7358, 0.0561, 0.1469, 

respectively). The overall incidence of PC3 was the lowest of the three components with 

no consistent trend observed across stimulation level or virus. A two-way ANOVA 

revealed no significant effect of stimulation level (F(3, 66) = 0.82, p = 0.4892) or the virus 

used (F(1, 66) = 0.89, p = 0.3486).  
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Figure 3.11 Incidence of the first three principal components throughout each scan 

during LC stimulation. Each graph shows the number of scans in each group and the 

principal component that was dominant at each timepoint throughout the scan. The results 

for the mCherry control animals (A) and ChR2 stimulated animals (B) are shown. These 

graphs show strong individual variability in terms of timing and the temporal distribution 

of components across scans and across groups. 

 

The timing of when a component was dominant throughout the scan proved to be 

highly varied across scans (Figure 3.11). It can be clearly seen that most scans spent a 

majority of their time dominated by PC1 with short periods of PC2 and PC3 interspersed 

throughout the scan. Although overall the least amount of time was spent in PC3, certain 

scans were seen to spend more time in PC3 than others (such as scan 1 in the mCherry 5 

Hz group and scan 6 in the ChR2 15 Hz phasic group). While longer periods of time 

(sometimes on the order of minutes) were observed to remain in PC1, the positioning of 

these time periods with respect to the beginning and the end of the scan varied quite a bit 

across rats. No observable pattern as to the timing and sequence of the varying component 

states was seen on the basis of virus or stimulation level.  
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Figure 3.12 A representative look into the first three principal components in WT and 

AD animals. Graphs for the explained variance and representative slices of the phase and 

magnitude maps of the first three components (PC1, PC2, PC3) for the 6-month WT 

animals (A), the 6-month AD animals (B), and the 15-month AD animals (C). Data shown 
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for each group were taken from the baseline scans of the mCherry control animals for that 

group. The first three principal components for all groups accounted for the majority of 

variance explained in the scans. The phase and magnitude maps of PC1 reflected those of 

the global signal as seen in rats. The phase and magnitude maps of PC3 in the WT animals 

reflected behavior of the QPP, whereas activity shown in the AD animals showed slight 

differences in magnitude and apparent dephasing in certain regions. When compared to the 

WT animals, the magnitude and phase of PC3 in the 6-month AD animals showed 

extensive spatial disruption, whereas the magnitude in the 15-month AD animals reflected 

this to a lesser degree with the phase more closely resembling that of the WT animals. 

 

Given the novelty and recent introduction of CPCA as it applies to neuroimaging 

and BOLD signals (Bolt et al., 2022), we decided to utilize this analysis as a means to 

provide a fresh angle of studying Alzheimer’s disease (AD). To the best of our knowledge, 

CPCA has not previously been applied to Alzheimer’s data where it could provide a unique 

perspective on changes in the time-lag activity of brain regions in the disease. We applied 

CPCA to the baseline scans of the WT and TgF344-AD mCherry rats in both the 6-month 

and 15-month cohorts as a preliminary examination of how principal component 

magnitude, phase, and incidence are affected by both AD pathophysiology and age (Figure 

3.12). Similar to WT animals, AD rats showed a much larger proportion of variance 

explained by PC1 when compared to the other principal components. The spatial map of 

the magnitude of PC1 also showed that the strongest magnitude levels were confined to the 

first component. PC1 magnitude was also spatially similar across genotypes and age 

groups, exhibiting a higher magnitude along the anterior midline and bilaterally in posterior 

cortical areas, reflecting previous findings of the distribution of the global signal in rats 

(Anumba et al., 2023). However, this bilateral increase in magnitude was more disperse in 

the 6-month AD rats and appeared to be almost non-existent in the 15-month AD animals, 

where instead higher magnitude was localized to the center of the brain. Despite these 
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differences, the phase of PC1 across all groups showed the entire brain being in phase, also 

bearing resemblance to the global signal. The magnitude of PC2 in the 6-month WT 

animals showed higher levels bilaterally in posterior cortex and in the midbrain, whereas 

the bilateral levels of elevated magnitude in the AD animals were shown to be anteriorly 

located with lower magnitude levels in the midbrain exhibited at 15 months. The magnitude 

map of PC2 in the 15-month AD animals more closely resembled that of PC3 in the 6-

month WT animals. The phase map of PC2 in the WT animals showed most of cortex being 

in phase with each other and almost directly out of phase with midbrain regions. The PC2 

phase map in the 6-month AD rats showed a similar division of phase, although bearing 

more resemblance to that of PC3 in the WT, with some dephasing appearing in the 

cerebellar and midbrain regions. At 15-months in the AD animals, the PC2 phase looked 

similar to that of the 6-month AD animals however, more dephasing was seen throughout 

the brain. PC3 in the WT animals showed elevated magnitude distributed throughout 

anterior cortex, however in the 6-month AD animals coherent structure of high magnitude 

was almost lost. The same was true in the 15-month AD animals, with the exception of a 

small region of cortex in the right hemisphere. The division of phase for PC3 in the WT 

animals displayed differences between anterior cortex and both the midbrain and posterior 

cortex, with varied dephasing in the cerebellar region. Similar to the corresponding 

magnitude map, the PC3 phase map in 6-month AD animals showed almost noise-like 

dephasing throughout the brain, whereas in 15-month AD animals the phase division more 

closely resembled that seen in the 6-month WT animals.  
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Figure 3.13 Incidence percentage of the first three principal components in WT and 

AD animals. The percentage of time dominated by each of the first three principal 

components was looked at in both WT and AD animals at 6-months and 15-months. No 

significant effects were reported via two-way ANOVA on the basis of genotype or age. 

However, the interaction of genotype x age was significant for all three components, 

indicating that effects of aging on the incidence of these components is impacted by 

genotype. 

 

We also observed the incidence of the first three components with respect to age 

and genotype of the animals (Figure 3.13). The proportion of time dominated by each 

component showed only small differences across groups. For WT animals the incidence of 

PC1 increased slightly with age, whereas in AD animals PC1 incidence decreased slightly 
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with age. A similar phenomenon was observed with PC2 and PC3, however the trends were 

observed in reverse as incidence decreased with age in WT animals and increased with age 

in AD animals. These trends were verified by a two-way ANOVA for each component. 

For PC1 no effect was revealed on the basis of genotype (F(1, 243) = 3.01, p = 0.0838) or 

age (F(1, 243) = 0.01, p = 0.9301), however a significant interaction effect was found for 

genotype x age (F(1, 243) = 10.51, p = 0.0014). For PC2 no effect of genotype (F(1, 243) 

= 1.17, p = 0.2804) or age (F(1, 243) = 0.56, p = 0.4559) was reported, but a significant 

interaction effect was found for genotype x age (F(1, 243) = 6.23, p = 0.0132). For PC3 no 

effect was observed on the basis of genotype (F(1, 243) = 2.94, p = 0.0878) or age (F(1, 

243) = 0.92, p = 0.338), however a significant interaction effect was seen for genotype x 

age (F(1, 243) = 6.16, p = 0.0137). These results indicate that genotype may influence the 

impact of aging on the incidence of each component. 

 

3.4 Discussion 

Both the BOLD global signal and QPPs are known to hold relationships with arousal 

and measures of vigilance (Pisauro et al., 2016; Wong et al., 2012, 2013, 2016), while the 

LC is known to play a strong role in arousal and has neuromodulatory influence throughout 

the brain (Aston-Jones & Cohen, 2005; Berridge & Waterhouse, 2003). Through the use 

of optogenetic-fMRI, we have shown that stimulation of the LC at different frequencies 

results in small and regionally specific changes however in the global signal and QPPs, 

however no significant whole-brain effects were observed.  
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3.4.1 LC Stimulation and Functional Connectivity 

Very little effects on functional connectivity were observed on the whole-brain 

level as a result of LC stimulation at any frequency (Figure 3.4). When looking at regional 

connections that were initially proven to be statistically significant, they are sparce and 

unconvincing, as evidenced by the fact that very few are maintained on the network level 

and that none survived FDR correction for multiple comparisons. However, the results of 

a recent study showed very small regional effects, on the order of ~0.5% BOLD signal 

change, as a result of optogenetic LC stimulation at 3 Hz, 5 Hz, and 15 Hz (Grimm et al., 

2022). These results indicate that optogenetic stimulation of the LC may result in very 

small-scale effects, in which case it is likely that we are not capturing such effects with 

such a large-scale connectivity analysis. This theory is emphasized when looking at 

functional connectivity matrices as divided by stimulated hemisphere, where individual 

variability in connectivity seems to be the dominant characteristic present across stimulated 

levels (Figure 3.5). However, the strongest changes at the network level were observed 

under 2 Hz LC stimulation, which is often associated with a generalized awake state 

(Morris et al., 2020). The changes seen here involve the limbic network with the 

somatosensory network and the thalamus, where LC outputs to the thalamus have been 

hypothesized to be involved in the promotion of wakefulness (Samuels & Szabadi, 2008). 

Another big change at this level was between the olfactory network and the retrosplenial 

network, the latter of which is a primary node of the rat DMN which is most active during 

this generalized awake state (Lu et al., 2012). At 5 Hz stimulation, which is most strongly 

associated with stressors and anxiety (Morris et al., 2020), the biggest network change was 

seen between the limbic network and the pons. However, as explained in the limitations 
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section, and as can be seen in the top row of (Figure 3.4), use of a surface coil resulted in 

low signal from the pons and consequently any results involving this region should be taken 

with caution.  

 

3.4.2 WT vs. AD Functional Connectivity 

More widespread differences in connectivity were observed between the WT and 

AD animals (Figure 3.6). Functional connectivity in this AD model has been documented 

to change with age and disease progression (Anckaerts et al., 2019). In that study, AD 

animals were compared to WT at five different timepoints, of which the most relevant to 

this study are 6 months and 16 months. At 6 months they saw a significant decrease in 

connectivity between the somatosensory, visual, and auditory cortices, as well as between 

the auditory cortex and the hippocampus, retrosplenial, and cingulate cortices. Conversely, 

our findings show an uncharacteristic increase in connectivity in the 6-month AD animals 

when compared to WT (Figure 3.6A). This was observed throughout the brain but showed 

up most statistically at the parcellated level in the somatosensory, olfactory, and visual 

cortices, and then at the network level with the olfactory network, insular network, the 

hypothalamus, and the amygdala. Despite this timepoint being early and corresponding to 

preclinical stages of AD progression (Kelberman et al., 2022, 2023; Rorabaugh et al., 

2017), functional connectivity has been shown to decrease in early AD when compared to 

healthy controls (Adriaanse et al., 2014; Anckaerts et al., 2019). However, a meta-analysis 

found reports of significant hyperconnectivity within the DMN and limbic networks in 
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mild cognitive impairment (the prodromal stage of AD) (Badhwar et al., 2017), trends that 

can be seen in our data (Figure 3.6A).  

In their 2019 paper, Anckaerts et al., saw the least amount of significant 

connectivity decreases at 16 months, where decreases were observed between the cingulate 

cortex and the hippocampus and retrosplenial cortex. Additionally, they showed decreases 

in connectivity between the cingulate cortex and the auditory and visual cortices. At 15 

months, our data replicates some of these findings as decreases in functional connectivity 

are observed with the hippocampus at the parcellation level as well as with the cingulate 

cortex at the network level (Figure 3.6B). Additionally, we see significant changes at the 

network level between the insular, striatal, motor, and olfactory networks, and also largely 

with the limbic network and the amygdala. Interestingly, at neither of these timepoints did 

we see any big changes in functional connectivity regarding the retrosplenial cortex, a 

primary hub of the rat DMN, a network in which functional connectivity is well known to 

decrease in AD (Brier et al., 2012; Gour et al., 2013; Jr et al., 2011). Despite the reported 

changes, only one survived FDR correction for multiple comparisons: decreased 

connectivity between the limbic network and the amygdala in 15-month AD animals when 

compared to WT. The amygdala, often regarded as part of the limbic network, has been 

shown to exhibit decreased functional connectivity in AD (Yao et al., 2013).  

An interesting difference and potential source of explanation for differences 

between our functional connectivity findings and previous reports is that the current study 

utilized both male and female rats, whereas many previous studies in the same TgF344-

AD rat model have only used rats of one sex (Anckaerts et al., 2019; Muñoz-Moreno et al., 

2018, 2020; Tudela et al., 2019). Although no sex differences in AD hallmarks were 
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reported in the development of the TgF344-AD model (Cohen et al., 2013), sex differences 

have been reported in Fischer 344 rats with respect to aging (Fowler et al., 2022). While 

this cannot be stated as a cause of differences in this study, it makes for an interesting focus 

for future directions.  

 

3.4.3 LC Stimulation and the Global Signal 

The global signal has been shown to exhibit an anti-correlated relationship with 

arousal and vigilance measures across species (Chang et al., 2016; Pisauro et al., 2016; 

Wong et al., 2013, 2016). Given this relationship with arousal, we were curious to see how 

the global signal would be affected by stimulation of the LC whose activity is well-known 

to be involved in arousal. When looking at PSD estimates, very few differences were 

observed in the frequencies of activity contained in the scans when comparing the activity 

in the control group to that of the stimulated group (Figure 3.8). In fact, the largest 

noticeable difference was observed in the baseline scans where no light exposure was 

present. It is important to note that this data was bandpass filtered between 0.01 – 1.0 Hz 

to highlight ultralow fluctuations associated with resting-state activity (Pan et al., 2013). 

Therefore, it is possible that higher frequencies contained in the global signal may be 

significantly affected by LC stimulation. 

With respect to the spatial distribution of the global signal, LC stimulation did 

indeed appear to result in certain changes. Firstly, the primary layout of correlation to the 

global signal that was observed in both the mCherry and ChR2 animals reflected that 

reported in (Anumba et al., 2023), where the midline structure in which correlation to the 
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global signal was highest was believed to be the cingulate cortex. Interestingly, stimulation 

of the LC in the ChR2 animals did not equally increase correlation to the global signal 

throughout the brain, instead resulted in higher correlation from regions that previously 

showed elevated global signal correlation (Figure 3.7). In (Anumba et al., 2023), the DMN 

was shown to contribute significantly to the global signal in rats and when matching 

regions of high global signal correlation to the rat DMN as reported in (Lu et al., 2012), 

the strongly correlated midline structure was thought to be the cingulate cortex and 

potentially part of the retrosplenial cortex as well. Studies in humans have also shown that 

certain DMN nodes, including the posterior cingulate cortex (PCC) for which the 

retrosplenial cortex is a homologue, have shown both higher activity than the global signal 

(Raichle et al., 2001) and a higher amplitude of ultra-low frequency fluctuations than the 

global signal (Yu-Feng et al., 2007). The anterior cingulate cortex (ACC), which 

corresponds to the cingulate cortex in rodents, is known to be involved in a wide array of 

high-order cognitive functions such as the regulation of emotions, decision making, and 

learning (Apps et al., 2016; Stevens et al., 2011). A human brain mapping study that 

considered brainstem structures showed that the ACC had the strongest summed functional 

connectivity to all brainstem nuclei, making it a primary hub for cortical-brainstem 

functional connectivity (Hansen et al., 2023). Beyond being connected to all brainstem 

nuclei, stimulation of noradrenergic alpha-2a receptors in non-human primates was 

reported to increase the encoding of negative prediction errors in the ACC, linking the 

noradrenergic system to the ACC’s involvement in learning (Hassani & Womelsdorf, 

2023). It is important to note that this effect in which the cingulate cortex showed increased 

global signal correlation was only observed during tonic 2 Hz and 5 Hz stimulation of the 
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LC, which are associated with generalized awake states and anxiety, respectively (Morris 

et al., 2020). These results show that tonic LC stimulation increased the contribution of the 

cingulate cortex to the global signal, any behavioral or cognitive implications of this would 

be an interesting direction for future study.  

 

3.4.4 LC Stimulation and QPPs 

When identifying QPPs using the robust pattern-detection algorithm reported in 

(Yousefi et al., 2018), QPPs were detected although there was very little change in their 

detection rate during LC stimulation (Figure 3.9A). However, when observing the 

histograms of STC values during different levels of stimulation, we observed slightly 

higher percentages of correlation values above the 0.2 threshold in the ChR2 animals 

during 2 Hz and 5 Hz LC stimulation. These findings are contrary to a preliminary study 

in which atomoxetine, a norepinephrine reuptake inhibitor, and DSP4, a noradrenergic 

neurotoxin, were used to increase extracellular norepinephrine and lesion the LC, 

respectively (Abbas et al., 2018). This study reported a decrease in the number of STC 

values above the threshold in rats that were treated with either atomoxetine or DSP4 when 

compared to controls, indicating that any deviation from baseline LC activity would result 

in a decrease in QPPs. However, our study, albeit the effects being relatively small, shows 

the opposite in that tonic stimulation of the LC if anything increases the level of detected 

QPPs. An important distinction between these two studies is that the use of atomoxetine 

and DSP4 are considered more aggressive means of LC activity interference, whereas 
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optogenetic stimulation can be seen as a more conservative method of manipulating the 

activity of small regions (Lee et al., 2022).  

The relative regions involved in the detected QPP as well as their activity during 

the pattern were also observed. The foundational structure of the QPP is very similar across 

groups and stimulation levels, with certain regions exhibiting stronger activity within the 

pattern and those regions belonging to one of two groups of structures whose activity is 

anticorrelated (Figure 3.9B). In particular, the somatosensory, insular, and striatal networks 

move in phase with each other whereas the activity of the retrosplenial cortex, 

hippocampus, visual network, and a few midbrain structures is in phase. These groupings 

of regions within the QPP largely reflect what has previously been reported for QPPs in 

rats (Majeed et al., 2011; van den Berg et al., 2022). Interestingly, both of these studies 

show strong involvement of the cingulate cortex in the QPP at rest, whereas in our study 

strong activity from the cingulate cortex is only observed during stimulation of the LC at 

5 Hz tonic and 15 Hz phasic levels. Under these conditions, the activity of the cingulate 

cortex is in phase with the retrosplenial cortex and hippocampus which both, in addition to 

the cingulate cortex, have been defined as part of the rat DMN (Lu et al., 2012). LC firing 

at 5 Hz tonic and 15 Hz phasic levels is associated with anxiety and focused attention, 

respectively (Carter et al., 2010; Chalermpalanupap et al., 2017). These results indicate 

that LC activity during states of high arousal, whether due to stress-like stimuli or goal-

oriented behavior could lead to an increase in activity of the cingulate cortex in rats, 

especially in the context of slow spatiotemporal patterns like QPPs. It should also be noted 

that during 5 Hz LC stimulation there was a slight phase shift in the activity of the insular 

and striatal networks, meaning that their peaks in activity occurred slightly before those of 
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the other structures. Though this effect has not previously been reported, it is a point of 

interest that could be further investigated in future studies.  

 

3.4.5 CPCA Findings 

We used CPCA to assess whether LC stimulation had any effect on the presentation 

and occurrence of the first three principal components (PC1, PC2, and PC3) in these rats. 

A recent study showed that the majority of large-scale spatiotemporal signals that have 

been detected with fMRI can be explained by the first three principal components of 

activity as calculated through CPCA (Bolt et al., 2022). Specifically, they showed that PC1 

was reflective of the global signal and that PC2 was indicative of what people define as the 

anti-correlated QPP. Correspondingly, our results show that in WT rats PC1 is very similar 

to the global signal, however it appeared to be mainly PC3 instead of PC2 that showed 

strong commonalities to the anti-correlated QPP (Figure 3.12A). The magnitude of PC1 

showed strong resemblance to the spatial distribution of the global signal as shown both in 

this study (Figure 3.7) and in others (Anumba et al., 2023). Additionally, the majority of 

the brain was seen to be in phase for PC1, reflecting the activity of the global average. The 

spatial magnitude and phase of PC3 showed similarities to previous reports of QPPs in rats 

(Majeed et al., 2011; van den Berg et al., 2022), showing that the association of these two 

spatiotemporal signals to the first three complex principal components is present in rats as 

well as humans. It is important to note that orthogonal rotation of the spatial weights of the 

PCs via varimax rotation was not used in this analysis and may account for the fact that 

PC2 also shows some similar features in phase and magnitude to PC3 (Andersen et al., 
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1999). The inclusion of varimax rotation in future studies will most likely better separate 

these components.  

LC stimulation appeared to have very subtle effects on the incidence of the principal 

components despite consistent trends being observed on account of the inclusion or 

omission of ChR2 in the virus used (Figure 3.10). It is not believed that the expression of 

ChR2 should be the direct cause of such a significant change and that this effect is most 

likely a result of the animals used in each group. Despite the small effects seen generally 

with LC stimulation, the comparison that came closest to significance was the incidence of 

PC2 during 5 Hz stimulation (p = 0.0561). This is worth noting because our other findings 

using the QPP pattern-detecting algorithm show us that stimulation at 5 Hz had notable 

changes in the presentation of the QPP (Figure 3.9). Given this and the fact that PC2 

showed some similar attributes to QPPs, it is possible that these changes during 5 Hz 

stimulation could be responsible either for the signal that was detected as PC2 when using 

CPCA or for the reduced frequency of PC2 occurrence that we see in these scans.  

We also were interested in whether Alzheimer’s disease had an effect on the 

principal components that were extracted by CPCA. Using the TgF344-AD rat model we 

found that there were in fact changes in the AD animals when compared to WT (Figure 

3.12). Interestingly, the phase and magnitude of PC1 were conserved in both the 6-month 

and 15-month AD animals. However, the magnitude and phase of PC2 in the AD animals 

more closely reflected those of PC3 in the WT animals, indicating that perhaps QPP-like 

patterns accounted for more variance in the AD animals than they did in the WT. Of 

additional importance is the apparent dephasing throughout the brain that is seen to occur 

in PC2 and PC3 in AD. This lack of regional structure in the phase of these components 
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indicates a decrease in synchronous activity within brain regions, which is not entirely 

surprising as functional connectivity and healthy neuronal signaling are known to decline 

as AD progresses (Adriaanse et al., 2014; Badhwar et al., 2017; Brier et al., 2012; Cohen 

et al., 2013; Gour et al., 2013; Jacobs et al., 2013; Jr et al., 2011; Zhou et al., 2010). 

Additionally, aging appeared to play a role on the incidence of PC1, PC2, and PC3 

depending on whether or not the animal was WT or AD (Figure 3.13). The pathophysiology 

of AD is known to change as the disease progresses (Weinshenker, 2018), so it is not 

surprising that the effects of AD on the first three principal components change with age. 

 

3.4.6 Potential Subtle Effects 

Despite the LC having global neuromodulatory influence, the majority of the results 

presented here display effects that are quite subtle and if present affect only specific brain 

regions or structures as opposed to the whole brain at large. There are multiple potential 

explanations for this, one of them being that the effects of stimulating small nuclei using 

optogenetic-fMRI are actually quite small. Studies using this modality to stimulate the 

ventral posteromedial nucleus (VPM) of the thalamus and LC have reported significant yet 

small changes in % BOLD signal as a result of stimulation (Chuang et al., 2023; Grimm et 

al., 2022). Correspondingly, the sensitivity of optogenetic-fMRI is thought to potentially 

underreport whole-brain responses when used to stimulate small areas (Lee et al., 2022). 

The small effects that were observed could also be explained by the Yerkes-Dodson model 

which states that the relationship between arousal and performance is explained by an 

inverted-U-shaped curve where very low and very high levels of arousal result in weak 
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performance, whereas optimal performance results from an intermediate level of arousal 

(Watters et al., 1997). This inverted-U curve has also been shown to explain the 

relationship between LC-NE modulation and network function and behavior (Poe et al., 

2020), in which case if, as stated earlier, optogenetic stimulation is seen as a moderate level 

of LC interference it would make sense that disruptions to our measured signals would be 

small. Additionally, although our study was designed to account for little interference of 

effects between scans, a study showed that high tonic firing of the LC can reduce the 

excitability and NE release of subsequent phasic firing modes (Li et al., 2023). Therefore, 

it is possible that the length of our scans (10 minutes) with constant stimulation may have 

resulted in NE depletion resulting in a lack of effects observed over the whole length of the 

scan. Looking at the same analyses in data with a shorter stimulation period would be a 

necessary direction for future study. Given the nature of the BOLD signal and its 

dependence on signal from the brain vasculature, it is important to recognize the role of 

NE as a vasoconstrictor and how this could have resulted in competing effects to LC 

stimulation (Bekar et al., 2012). This also speaks to the complexity of the neural and 

hemodynamic systems involved when measuring these spatiotemporal signals with fMRI. 

Lastly, despite the valuable advancements that work in rodents allows (Pagani et al., 2023), 

it is important to note that the animals presented were scanned under anesthesia and that 

no neuromodulatory system works in isolation. With this in mind, altering one system alone 

is likely to not give us a comprehensive view of how changes in LC function affect these 

spatiotemporal signals (van den Brink et al., 2019).  

 

3.4.7 Limitations 
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One limitation of this study is the fact that in order to observe robust pupil dilation 

as a result of LC stimulation constant laser exposure was needed, which has not been the 

case in previous reports (Grimm et al., 2022; Privitera et al., 2020). So, it is possible that 

our optogenetic paradigm was not strong enough to produce any widespread effects, 

however these prior studies were done in a different species using different viruses so a 

direct comparison in pupillometry outcome may not be appropriate. Additionally, 

unilateral optogenetic stimulation of the LC has been shown to produce unilateral effects 

(Grimm et al., 2022), something that this study was unable to assess due to the lack of 

bilateral symmetry in the functional atlas that was used. Lastly, the reported activity of 

certain brainstem structures should be taken cautiously due to the use of a surface coil 

which was unable to obtain optimal signal from structures at this depth. 

 

3.5 Conclusion 

In this study we combined optogenetic stimulation of the LC with whole-brain 

fMRI recordings to assess the effects of LC activity on large-scale spatiotemporal 

dynamics. In this context, we assessed whole-brain functional connectivity, the spatial and 

spectral components of the BOLD global signal, and the presentation of QPPs. We also 

investigated how the outcomes of LC stimulation would affect the principal components 

extracted from CPCA and used an Alzheimer’s model to look at differences in functional 

connectivity and CPCA as a result of the disease. Our findings provide evidence that LC 

stimulation at specific levels results in small regionally specific effects with regards to the 

global signal and QPPs. LC stimulation showed very subtle changes in the frequency of 
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occurrence of CPCA principal components. Comparison of the TgF344-AD rat model and 

their wildtype counterparts showed differences in functional connectivity and the 

presentation of the second and third CPCA principal components. These results seem to 

suggest that the effects of LC stimulation are not simultaneously widespread and large in 

scale, but instead result in more regional effects. This study contributes an additional puzzle 

piece of information towards our wholistic understanding of how resting state global 

dynamics are affected by ongoing neuromodulation and differing brain states such as 

arousal.   
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APPENDIX A.  ADDITIONAL DATA FROM OPTOGENETIC-

FMRI EXPERIMENTS 

The study reported in Chapter 3 of this dissertation in which optogenetic-fMRI was 

used to stimulate the LC was carried out in a variety of groups to assess the influence of 

several variables (Appendix Figure 1). In addition to just assessing different levels of LC 

stimulation, we also looked at the effects of age (6-month vs. 15-month) and genotype (WT 

vs. TgF344-AD). With respect to the effects of LC stimulation, only the results of the 6-

month-old WT animals are presented in Chapter 3. This appendix displays the functional 

connectivity, global signal distribution, and QPP results in the 6-month-old AD, 15-month-

old WT, and 15-month-old AD animals.  

 

Appendix Figure 1: Flowchart of Data Acquired. Cohorts of both WT and TgF344-AD 

(AD) rats were used, each containing control (mCherry) and stimulation (ChR2) rats. Each 

of these groups had both 6-month-old and 15-month-old animals, all of which underwent 
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the experimental paradigm involving the six different levels of LC stimulation. Block 

stimulation scans were not included in this section. 

 

A.1  Animal Group Sizes and Sex 

The group sizes for the remaining three groups that were not included in Table 3.1 are 

provided below in Appendix Table 1. 

Appendix Table 1: Remaining Animal Group Sizes 

 

 

6-month AD ChR2 

 
Animals 

(Scans) 

 

 

15-month WT ChR2 

 
Animals 

(Scans) 

 

 

15-month AD ChR2 

 
Animals 

(Scans) 

 

Baseline 4 (7) 4 (7) 5 (8) 

2 Hz 3 (3) 3 (3) 5 (5) 

5 Hz 4 (4) 4 (4) 5 (5) 

15 Hz Phasic 4 (8) 4 (6) 5 (9) 

 

The division of how many male and female rats were included in each group is 

displayed below in Appendix Table 2. 
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Appendix Table 2: Animal Group Sizes by Sex 

 

6-month 

WT 

mCherry 

(M/F) 

 

6-

month 

WT 

ChR2 

(M/F) 

 

6-month 

AD 

mCherry 

(M/F) 

 

6-

month 

AD 

ChR2 

(M/F) 

 

15-

month 

WT 

mCherry 

(M/F) 

 

 

15-

month 

WT 

ChR2 

 

(M/F) 

 

 

15-

month 

AD 

mCherry 

(M/F) 

 

15-

month 

AD 

ChR2 

(M/F) 

 

 

Baseline 

 

4/5 2/5 4/7 2/2 6/4 2/2 6/6 3/2 

 

2 Hz 

 

3/5 1/3 2/7 1/2 3/3 2/1 5/5 2/3 

 

5 Hz 

 

2/5 2/4 4/6 2/2 5/4 2/2 6/4 3/2 

 

15 Hz 

Phasic 

 

3/5 2/4 4/5 2/2 5/4 2/2 5/4 2/3 

 

A.2  Functional Connectivity 

Below are the functional connectivity results for the groups not displayed in Section 

3.3.2. 
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Appendix Figure 2: Functional connectivity for 6-month AD ChR2 animals. The 

functional connectivity matrices for this group at baseline (A), 2 Hz (B), 5 Hz (C), and 15 

Hz phasic (D) stimulation. 
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Appendix Figure 3: Functional connectivity for 15-month WT ChR2 Animals. The 

functional connectivity matrices for this group at baseline (A), 2 Hz (B), 5 Hz (C), and 15 

Hz phasic (D) stimulation. 
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Appendix Figure 4: Functional connectivity for 15-month AD ChR2 animals. The 

functional connectivity matrices for this group at baseline (A), 2 Hz (B), 5 Hz (C), and 15 

Hz phasic (D) stimulation. 

 

A.3  Spatial Distribution of the Global Signal 

Below are the global signal spatial distribution results for the groups not displayed in 

Section 3.3.3. 

 



 94 

 

Appendix Figure 5: Spatial distribution of the global signal for 6-month AD animals. 

The global signal distributions results for this group shown for the mCherry animals (A) 

and the ChR2 animals (B). 

 

 

Appendix Figure 6: Spatial distribution of the global signal for 15-month WT 

animals. The global signal distributions results for this group shown for the mCherry 

animals (A) and the ChR2 animals (B). 
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Appendix Figure 7: Spatial distribution of the global signal for 15-month AD animals. 

The global signal distributions results for this group shown for the mCherry animals (A) 

and the ChR2 animals (B). 

 

A.4  QPP Analysis 

Below are the QPP templates for the groups not displayed in Section 3.3.5.  
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Appendix Figure 8: QPP templates for 6-month AD animals. QPP templates for this 

group shown for the mCherry animals (A) and the ChR2 animals (B). 

 

 

Appendix Figure 9: QPP templates for 15-month WT animals. QPP templates for this 

group shown for the mCherry animals (A) and the ChR2 animals (B). 
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Appendix Figure 10: QPP templates for 15-month AD animals. QPP templates for this 

group shown for the mCherry animals (A) and the ChR2 animals (B). 
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