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Abstract: This study aims to assess the impact of unilateral increases in 
carotid stiffness on cortical functional connectivity measures in the resting 
state. Using a novel animal model of induced arterial stiffness combined 
with optical intrinsic signals and laser speckle imaging, resting state 
functional networks derived from hemodynamic signals are investigated for 
their modulation by isolated changes in stiffness of the right common 
carotid artery. By means of seed-based analysis, results showed a 
decreasing trend of homologous correlation in the motor and cingulate 
cortices. Furthermore, a graph analysis indicated a randomization of the 
cortex functional networks, suggesting a loss of connectivity, more 
specifically in the motor cortex lateral to the treated carotid, which however 
did not translate in differentiated metabolic activity. 

©2013 Optical Society of America 

OCIS codes: (110.4234) Multispectral and hyperspectral imaging; (110.6150) Speckle imaging. 
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1. Introduction 

Arterial hypertension is a non-communicable disease with prevalence between 25% and 30% 
of the world adult population [1] and is a risk factor in early brain aging, the development of 
cognitive dysfunctions and dementias. Cognitive deficits, including non-amnesic mild 
cognitive impairment [2], have also been associated with coronary heart diseases (CHD) [3–
5]. Hardening of the arteries has been identified as a risk factor in the development of 
cardiovascular disease (CVD) and may play a role in the development of such deficits. 
Arterial stiffness has been shown to be a predictor of cognitive decline and dementia [6]. 
Basic cognitive functions such as attention and memory are also adversely affected by aging 
[7], a process accelerated by risk factors for CVD. 

Anatomic and functional brain imaging are actively used to investigate such changes to 
brain function. Imaging correlates of aging and age-induced cognitive deficits include a 
decrease in connectivity and efficiency of functional brain networks [8], smaller brain volume 
and weight [9,10] and a reduction in cerebral blood flow (CBF) [11,12] related to endothelial 
dysfunction [13,14]. While the above investigations suggest a potential for functional brain 
imaging techniques in the clinical setting, they remain hampered by interpretation difficulties. 
A key step forward is to understand the impact of systemic physiology and vascular 
hardening and/or stenosis on functional imaging brain signals derived from hemodynamics. 

While functional MRI (fMRI) studies used in basic research to explore brain organization 
have focused on the brain’s response to a task; the complexities of task design, the duration of 
multiple trials, interpretation and statistical analysis have limited their use in extensive 
clinical studies. Resting-state networks (RSN) with fMRI eases the participation of the 
subject, and reduce the number of behavioral variables implicit in task-based paradigms, 
yielding a set of basic networks that can be reliably imaged in human subjects [15–18]. The 
application of RSN mapping with fMRI to diverse neuroscience research areas has revealed 
new insights in the organization of both healthy [19,20] and diseased brain, such as 
Alzheimer’s [18,21–23]. RSNs have unraveled potential mechanisms of the brain in several 
areas, but the concrete meaning of the underlying processes and their interpretation remain to 
be resolved. Characterizing RSNs in the presence of vascular disease is a first step to establish 
RSN techniques in this context and may explain the scarcity of RSN studies in vascular 
pathology. Both increases and decreases in functional connectivity in vascular cognitive 
impairment were found by Sun et al. [24]. Resting-state connectivity has been included in the 
RUN DMC study of cerebral small vessel disease [25], a project recently begun. Recently, 
distinct patterns of RSN disruptions correlated with diminished cognitive performance in 
patients with carotid stenosis [26]. 
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The current work exploits the recent development of a controlled murine arterial stiffness 
model induced unilaterally by the application of calcium chloride (CaCl2). In previous work 
[27], this model was shown to induce neuronal degeneration in the hippocampus. To further 
reveal the impact of carotid artery calcification and increased stiffness on the brain, blood 
flow pulsatility in small arteries was quantified in both hemispheres. Statistically significant 
changes in pulsatility were observed on the CaCl2 group, suggesting that carotid stiffness had 
an impact on the pulsatile component of blood delivery but none were observed on baseline 
flow. This model, whereby one can study the isolated effect of unilateral carotid calcification 
on the brain, provides a unique opportunity to investigate the specific impact arterial 
hardening on resting state networks. 

The current study aims to assess resting-state connectivity in this unilateral carotid 
stiffness murine model using multi-spectral intrinsic optical imaging. Using multiple 
illumination wavelengths, relative changes in HbO2 and HbR can be estimated, while speckle 
imaging provides access to relative CBF. This then enables estimations of CMRO2. Hence, 
due to access to distinct hemodynamic components, functional connectivity based on optical 
imaging of intrinsic signals (fcOIS) may provide additional information that complements 
resting-state studies with fMRI in the context of vascular disease. 

2. Materials and methods 

2.1 Animal model 

A total of N = 23 Male C57BL/6 mice (8 ± 0.2 weeks old, 23.6 ± 1.4 g weight, Charles River, 
Wilmington, MA), divided in two groups were used in this study. Animal carotids were 
exposed and submitted to a sham procedure (Group 1, N = 11), where a sterile NaCl 0.9% 
solution was applied to the carotid or the calcification procedure (Group 2, N = 12) with a 
0.3M CaCl2 solution applied. The Animal Research Ethics Committee of the Montreal Heart 
Institute approved all surgical procedures, which were performed according to the 
recommendations of the Canadian Council on Animal Care. 

2.1.1 Application of calcium chloride 

Applying calcium chloride periarterially developed carotid stiffness in vivo. Male C57BL/6 
mice (8 ± 0.2 weeks old, 23.7 ± 1.6 g weight) were anaesthetized with isoflurane (5% for 
induction, 2% for maintenance) in oxygen (2 L/min for induction, 1.5 L/min for 
maintenance). The procedure required 45 minutes of anesthesia per animal and body 
temperature was controlled between 36 and 37 °C using a heating blanket (MouseSTAT, Kent 
Scientific, Torrington, CT). A midline incision was performed in the neck and the right 
common carotid artery (RCCA) was isolated, then a sterile cotton gaze soaked in either sterile 
NaCl 0.9% solution for the control group (N = 11) or with a 0.3M CaCl2 solution for the 
treated group (N = 12) was applied to the carotid artery for twenty minutes. Afterwards the 
skin incision was closed with sutures and sealed with tissue adhesive (Vetbond, 3M, St. Paul, 
MN). Bupivacaine (Marcaine) (4mg/kg) and Carprofen (5 mg/kg) were administered 
subcutaneously (SC) to provide post-surgical local anesthesia. Furthermore, Carprofen (5 
mg/kg SC) was injected every 24 hours for 48 hours and on the third day if deemed 
necessary. Infections were effectively prevented with the administration of trimethoprim-
sulfamethoxazole (Tribrissen, 30 mg/kg SC) post-operatory and every 24 hours for 3 to 5 
days. Animals were monitored twice a day during the first postoperative week and assessed 
for body weight, symptoms of local infection, discomfort or pain, behavior, and water and 
food consumption. Following this recovery period, mice were monitored daily. Optical 
imaging of intrinsic signals (OIS) was performed two weeks after the surgical procedure. 
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2.2 OIS Imaging 

2.2.1 Animal preparation 

Mice were anesthetized via intraperitoneal injections of urethane (2mg/g body weight) in a 
10% (wt/vol) saline solution. Body temperature was maintained at 36.6 ± 1.2°C with a 
feedback controlled heating blanket. A tracheotomy was done in order to avoid respiratory 
distress [28]. Scalp was carefully removed prior to imaging. 

Mice were placed on a stereotaxic apparatus and a subcutaneous electrocardiogram was 
recorded with a single lead ECG amplifier (amp-b01, emka TECHNOLOGIES, Paris). The 
amplified (1000 × gain) and filtered signal (0.2-500 Hz) was sampled at 1 kHz. All vital 
signals were digitized by a data acquisition card (NI-USB 6353, National Instruments, Austin, 
TX) controlled by a custom made graphical user interface developed in LabView (National 
Instruments), which also controlled the image acquisition. To prevent drying of the exposed 
skull a custom chamber made of bone wax was adhered to the skull with ultrasound gel and 
filled with mineral oil. 

2.2.2 Optical recording setup 

OIS images were acquired with a 12-bit CCD camera (Pantera 1M60, DS-21-01M60-12E, 
Teledyne Dalsa, Waterloo, ON) with a pixel size on chip of 12μm and full resolution of 1024 
× 1024 pixels. The setup used in this work is depicted in Fig. 1(a). 

A custom-made interface controls the camera, records images and vital signs, while 
synchronizing acquisition and illumination. A Macro Lens (105mm f/2.8max, Sigma Corp., 
Ronkonkoma, NY) with small focal depth (350 μm) was used. Reflectance images of the 
brain were recorded with time-multiplexed illumination (525, 590, 625 nm) produced by 10W 
LEDs (LZ4-00MA00, Led Engin, San Diego, CA). Illumination for speckle imaging was 
provided by a 90 mW, 785 nm laser diode (L785P090, Thorlabs, Newton, NJ) and the camera 
aperture was adjusted to f/8, so that the pixel size and speckle size were matched. The four 
temporally multiplexed wavelengths led to a full-frame rate of 5 Hz. A 2 × 2 binning on 
camera was performed to allow continuous data streaming to the hard drive. The camera field 
of view (FOV) was set to ~10.1 × 10.7 mm in order to cover most of the convexity of the 
cortex; the image pixel size for the chosen FOV was approximately 33μm. Illumination was 
further adjusted so that no part of the brain was under- or over-saturated by any of the 
wavelengths. The exposure time of the camera was set to 10 msec. The setup was mounted on 
an optic table with tuned damping (RS 2000, Newport, Irvine, CA) to avoid spurious signals 
from vibrations. 
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Fig. 1. (a) Overview of the intrinsic signal optical imaging system. LEDs and laser diode are 
time-multiplexed and synchronized to the acquisition system so that each recorded image 
corresponds to either a single LED wavelength (525, 590, 625 nm) or to the laser illumination 
(785 nm). (b) Functional regions on the mouse cortex and seed placement and size, manually 
constructed from the work of Bero et al. [42]. Abbreviations: F, frontal; M, motor; C, 
cingulate; S, somatosensory; R, retrosplenial; V, visual. 

2.2.3 OIS processing 

The analysis of spectroscopic images was based on previously published work [29,30]. In 
short reflectance images from each LED wavelength were recorded with the CCD camera and 
interpreted as changes in attenuation (optical density) ( )0logOD I IΔ = , where I is the 

reflected light intensity and I0 the incident light intensity. Relative changes in oxy- and 
deoxyhemoglobin were found using the modified Beer-Lambert law [31] and a Moore-
Penrose pseudoinverse: 

 ( , ) ( ) ( ) ( ).i i
i

OD t C t Dλ ε λ λΔ =  (1) 

The differential path length factor, D(λ), was taken from [32] and values out of the 560-
610 nm range were extrapolated from [33]. Total hemoglobin baseline concentration of 100 
μM with 60% oxygen saturation was assumed [32] for the spectroscopic analysis. The 
hemoglobin extinction coefficients were obtained from [34] and the reflectance values were 
corrected for the spectral response of the CCD camera and convolved with the LEDs spectral 
power distribution [35]. 

Images of each chromophore (HbO2, HbR) were spatially smoothed with a Gaussian 
kernel of 11 × 11 pixels (~0.3 × 0.3mm) with a 5 pixel standard deviation (~0.15mm). An 
anatomical image was recorded with illumination at 525 nm to emphasize vasculature, and 
then the region corresponding to the brain was manually selected using a closed spline curve 
to create a brain mask. All further processing was performed only on those pixels belonging 
to the brain mask. 

2.2.4 Speckle contrast imaging 

In addition to imaging changes in hemoglobin concentrations, changes in cerebral blood flow 
(CBF) were also computed by laser speckle contrast imaging [32,36,37]. Images of blood 
flow were obtained by measuring the spatial contrast of the speckle C, defined as the ratio of 
the standard deviation to the average intensity I

σ  [38]. A window of 5 × 5 pixels (0.15 × 
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0.15mm) was used to compute the speckle contrast images and the relative changes in blood 
flow were obtained with the following formula: 

 
0 0 0

2
, ,

C v CBF
C

I C v CBF

σ Δ Δ Δ= ≈ ≈  (2) 

The quantity 
0

ν
ν

Δ  is not directly related to CBF, however laser speckle imaging 

underestimates CBF by less than 5% [39], so both quantities were assumed to be equal in this 
work. Flow images then underwent the same spatial filtering as the hemoglobin images, and 
images from all three different contrasts were further resized to ½ of the original size due to 
memory constraints. 

2.2.5 Cerebral metabolic rate of oxygen 

Changes in the cerebral metabolic rate of oxygen consumption (CMRO2) were calculated 
from the images of changes in CBF, total hemoglobin (HbT) and HbR using the steady state 
relationship [40,41]: 

 0 02

2,0

0

1 1

1,

1

R

T

CBF HbR

CBF HbRCMRO

CMRO HbT

HbT

γ

γ

  Δ Δ+ +  Δ   = −
Δ  Δ+ 

 

 (3) 

A central hypothesis of this relation is the absence of transients with decoupled 
hemodynamic components. Here, since resting state networks were identified from data 
filtered between 0.009 and 0.08 Hz, we hypothesized that for these networks, the relationship 
was maintained. The constants γR and γT where both assumed to be 1, which is within a 
physiologically plausible range (0.75–1.25) [41]. 

2.3 Resting state network analysis 

2.3.1 Seed based functional connectivity 

Optical recording sessions of 15 minutes were carried out in resting-state conditions for the 
fcOIS analysis. Time courses of every pixel were temporally band-pass filtered (zero phase-
shift fourth-order Butterworth IIR filter) at 0.009-0.08 Hz, according to previous functional 
connectivity studies in mice [42,43]. After temporal filtering, each pixel time trace was 
downsampled from 5 Hz to 1 Hz. 

A global brain signal was created from the average of all the pixels time traces. In order to 
account for coherent variability common to all pixels, this global brain signal was regressed 
from every pixel’s time course, using a General Linear Model (GLM) from the package 
Statistical Parametrical Mapping [44] (SPM8, www.fil.ion.ucl.ac.uk/spm) running on 
MATLAB (The MathWorks, Natick, MA). 

All seeds were manually placed a priori using the coordinates corresponding to left and 
right frontal, cingulate, motor, somatosensory, cingulate and visual cortices, as shown on Fig. 
1(b). Manual positioning of the seeds was done in order to avoid contributions from large 
vessels. Seed time-courses were computed as the mean time course of the pixels within a 7 
pixel (~0.23mm) radius from the seed locus. 

With the unilateral application of CaCl2 we expect differences between bilateral brain 
regions so the metric used to evaluate functional connectivity was a regional bilateral 
functional correlation, defined as the correlation between each seed time course and its 
contralateral homologue, yielding six values for each mouse. The Pearson’s coefficient r-

values were converted to Fisher Z measures using ( ) ( )1
2( ) ln 1 / 1z r r r= + −   before 

performing the random effect t-tests. Statistical significance was evaluated using the 
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Student’s unpaired t-test. Values were considered significant at p<0.05, adjusted for false 
discovery rate (FDR). 

2.3.2 Graph theoretical measures 

Several graph theoretical measures were computed in addition to assess the potential impact 
of the carotid calcification on the topological properties of the brain networks. While these 
measures do not provide clear informative information about function, they yield indicators of 
network changes that may occur with arterial stiffness. The brain was modeled as a graph 
where the nodes (N) were associated with seeds and edges (K) were associated with the 
amplitude of functional connectivity z(r) among these seeds [45]. Following the computation 
of seed-to-seed connectivity matrix, a threshold was applied to define the adjacency matrix 
characterizing the graph G. A cost threshold level of 0.3 was chosen at which the network 
exhibited small-world properties, characteristic of brain functional networks [46,47]. 

Several properties of brain organization were investigated through the proxy of graph 
measures at seed level [47,48]: 1) the degree ( )nk G , defined as the number of edges that 

connect to a certain node n. 2) the cost ( )nC G , defined as the proportion of connected 

neighbors to a given seed. 3) The average path length ( )nL G is defined as the average shortest-

path distance from a node n to all other nodes in the graph, 4) the global efficiency 
( )global

nE G , which is the average inverse shortest-path distance from node n to all other 

vertices in the graph. 5) The clustering coefficient ( )nCC G , defined as the probability that the 

neighbors of this node are also connected to each other; 6) the local efficiency ( )local
nE G , 

defined as the average global efficiency across all neighbors of node n. Finally, 7) the 
betweenness centrality ( )nCB G  of a particular node n is the proportion of all shortest-paths in 

a network that pass through this node. 
Averaging seed-level measures across all nodes within the network generated measures 

reflecting the global integration in the network. These summary network-level measures were 
entered in a second-level general linear model to compare functional connectivity patterns 
between the control (NaCl) and the CaCl2 groups. Statistical significance was determined by a 
Student’s unpaired t-test (p<0.05) with false discovery rate (FDR) correction. All the graph 
theoretical measures were performed with the CONN functional connectivity toolbox [48]. 

3. Results 

No signs of infection at the incision site, weight loss, or discomfort were observed during 
daily inspections throughout the post-operatory period. Two animals of the CaCl2 group 
deceased prior to the imaging session, possibly due to incorrect positioning of the 
tracheotomy tube, which hampered normal breathing. One more animal of the same group 
was not included in the analysis due to poor quality data caused by unwanted saturation 
outside the region of interest, which in turn saturated a whole line of the CCD camera. The 
final sample size used for all analyses was N = 9 for CaCl2 group and N = 11 for NaCl 
(control) group. 

3.1 Seed-based functional connectivity 

Average seed-based correlation maps across animals for HbO2 are depicted in Fig. 2. The first 
two columns belong to the control (NaCl) group, while the last two columns are from the 
CaCl2 group. Every row contains maps generated from a seed located in a different cortical 
region, first using the seed located in the left hemisphere and then its contralateral 
homologue. The CaCl2 group showed a greater spatial extent of high positively correlated 
pixels, when compared to the NaCl group (CaCl2 = 7.6% ± 3.6% vs. NaCl = 5.14% ± 1.63%, 
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p = 0.0278) with the spatial extent defined as the percentage of pixels showing a correlation 
coefficient greater than 0.5. Representative fc maps of other contrasts are shown in Fig. 5. 

 

Fig. 2. Average seed-based correlation maps. Images were manually aligned through an affine 
registration using ImageJ’s plugin TurboReg [51]. HbO2 contrast is shown. The scale for all 
correlation maps is −1≤r≤1. Maps are shown overlaid on the anatomical image of one of the 
mice for reference (λ = 525 nm). White circles denote seed position and size. Abbreviations: F: 
frontal cortex, M: motor cortex, C: cingulate cortex, S: somatosensory cortex R: retrosplenial 
cortex, V: visual cortex, (L) left seed, (R) right seed. 
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HbO2 contrast Fig. 3(a) data displayed mostly non-significant changes of bilateral 
functional correlation z(r) in CaCl2 mice when compared to controls. A decrease was seen in 
the seeds of the frontal, motor and retrosplenial cortex, while an increase was noted in the 
cingulate, somatosensory and visual regions. HbR (Fig. 3(b)) data showed diminished z(r) in 
all regions except in the visual cortex where it increased, albeit not significantly. CBF (Fig. 
3(c)) data showed overall a smaller z(r) values in all cortical regions. This might be explained 
by a greater variance in CBF seeds time traces associated with a noisier recording of the 
speckle signal. With this contrast the seeds that showed a smaller z(r) in the CaCl2 mice were 
located in the motor, cingulate and somatosensory regions of the cortex. Frontal, retrosplenial 
and visual cortex seeds showed a slightly larger z(r) in the CaCl2 group, when compared to 
NaCl mice. CMRO2 (Fig. 3(d)) data showed a general trend of decreased functional 
connectivity z(r) in the mice that underwent CaCl2 procedure, except in frontal cortex seeds. 
Decreased connectivity showed a trend in the motor (p = 0.1241) and cingulate (p = 0.1241) 
regions.. 

 

Fig. 3. Regional bilateral functional correlation, comparison performed between control NaCl 
and treatment group CaCl2; analysis done for every seed time-trace and its contralateral part. 
Contrasts shown: (a) HbO2, (b) HbR (c) CBF and (d) CMRO2. Standard error bars shown (F: 
frontal cortex, M: motor cortex, C: cingulate cortex, S: somatosensory cortex R: retrosplenial 
cortex, V: visual cortex). 
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To further explore the robustness of observed bilateral functional connectivity, a second 
analysis was performed, where data points that were more than 3 standard deviations away 
from the mean were considered outliers and excluded [49]. Results obtained after outlier 
removal are shown in Fig. 6, results remain very similar to the full data set, with HbO2 data 
for visual cortex and CMRO2 data in motor and cingulate regions showing the same trends. 

3.2 Graph theoretical measures 

In HbO2 measures, we found significant differences in the global network measures in the 
betweenness centrality and average path length, which were both higher for the NaCl group. 
When looking at the topological properties of each seed we found differences (although not 
significant when FDR corrected) in global, local efficiency, betweenness centrality, average 
path length and clustering coefficient. 

Table 1. Summary of significant results from second-level analysis using graph 
theoretical measures a 

 ROI level  Network level 
 HbO2 HbR CBF CMRO2  HbO2 HbR CBF CMRO2 

( )
global

n
E G

 
MR  

ML,FL

MR 
 ( )

global
E G

 
  *  

( )
local

n
E G

 
FR  

MR, RL, 
VR 

 ( )
local

E G

 
  *  

( )
n

CB G  ML  MR*  ( )CB G  *  *  

( )
n

C G   ML  CL ( )C G      

( )
n

L G  
SR,SL,,
FR,,FL,

CL 
SL FR,VR  ( )L G  *  *  

( )
n

CC G

 
FR  

MR*, 
RL, VR 

 ( )CC G    *  

( )
n

k G   ML  CL ( )k G      
aSubscripts indicate hemisphere (Left/Right). Increase in the CaCl2 group with respect to NaCl group is shown in 
red font, while decrease is shown in cursive blue font. Bold font and * indicate FDR-corrected p values at a 0.05 

significance level. Measurements abbreviations: global efficiency ( )
global

n
E G , local efficiency ( )

local

n
E G , 

betweenness centrality ( )
n

CB G , cost ( )
n

C G , average path length ( )
n

L G , clustering coefficient ( )
n

CC G  and 

degree ( )
n

k G . Regions abbreviations: F: frontal cortex, M: motor cortex, C: cingulate cortex, S: somatosensory 

cortex R: retrosplenial cortex, V: visual cortex 

At the network-level there were no significant differences in HbR measures, but at ROI 
level the left motor seed showed significant (not FDR-corrected) differences in cost and 
degree. Also the left somatosensory seed showed increased average pathlength. 

Graph analysis based on CBF data showed significant increase in the global efficiency, 
betweenness centrality and average pathlength; significant decreases were found in local 
efficiency and clustering coefficients. At seed level there was a significant increased 
betweenness centrality and clustering coefficient for the right motor seed. Some differences 
were also found at seed level, although not significant when FDR corrected in global and 
local efficiency, average path length and clustering coefficient. 

Using CMRO2 estimates increased clustering and degree were found to be significant (not 
FDR-corrected) in the left cingulate seed; although no significant differences were found with 
CMRO2 measures at network level. 

The results above were based on binarized networks. Extending these results, Fig. 4 
reports results for weighted networks, displaying the average strength of connections for both 
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groups; with node sizes proportional to their betweenness centrality ( )nCB G , a measure of 

the relative importance of a seed in the network. Few evident changes in the overall 
connectivity can be inferred from visual inspection of hemoglobin and CBF networks alone. 
However, the connectivity changes in CMRO2 are more evident: a large number of nodes are 
anticorrelated and most of the positive edges did not survive the threshold in the CaCl2 group, 
when compared to the control group. 

 

Fig. 4. Functional connectivity diagrams for NaCl (top row) and CaCl2 (bottom row) subjects. 
Edge thicknesses depend on the seed-to-seed average correlation coefficients, only edges with 
|r|>0.3 are shown. Node sizes are proportional to betweenness centrality CBn(G) of each seed. 
Positive correlations are depicted in warm colors. Negative correlations are depicted in cool 
colors. 

4. Discussion 

The goal of this work was to investigate the impact of controlled unilateral carotid stiffness 
on resting state networks in anesthetized mice. While an increasing number of studies suggest 
that arterial stiffness is a risk factor predictive of ensuing cognitive dysfunction with age, its 
role in modulating functional hemodynamic imaging remain difficult to assess, mainly due to 
a lack of animal model in the past to isolate its effect. Blood flow coming from the carotids 
feeds the circle of Willis and typically represents 70% of the total cerebral perfusion. 
Amongst regions selected for our analysis, we expect that the occipital cortex (visual) as well 
as part of the temporal and parietal cortices to receive diminished output from the affected 
carotid when compared to others. 

4.1 Hemodynamic changes 

The observed changes of correlation maps spatial extent reflect a spatial reorganization of the 
hemodynamic-derived functional connectivity within the cortex. For individual seeds, 
significant larger spatial areas of contra-lateral coherent hemodynamic fluctuations were 
observed in the CaCl2 group. We can speculate that this mechanism originates in the 
physiological response to the modified pulse wave from the rigidified carotid to the circle of 
Willis, potentially inducing a global response from resistance arteries. In a separate study (in-
progress) we observed changes in flow mediated dilation and myogenic tone in pressurized 
isolated arteries subject to different levels of pulsatility, supporting this mechanism as a 
vascular modulator of connectivity changes independent of metabolism 

Focusing on the seed location and correlation amplitude rather than the correlation extent, 
results from HbO2, HbR and CBF measures show that compared to the NaCl group, the CaCl2 
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group had decreased bilateral correlation values within the motor cortex but increased 
bilateral correlations within the visual cortex. In other seeds, depending on the hemodynamic 
component and spatial location, changes in bilateral correlations going in both directions 
(increase and decrease) suggest interplay between systemic hemodynamic changes when 
blood supply is unilaterally manipulated and loss of neuronal synchrony from neural 
degeneration in the hippocampus previously observed in this model. Overall results from 
evaluations of the bilateral synchrony underline the importance of careful interpretation when 
using a single hemodynamic signal as a proxy for neural changes is situations where blood 
supply is compromised. 

4.2 CMRO2 

Amongst important findings, CMRO2 functional connectivity changes did not always 
correspond to changes observed in the other contrasts. In fact, when looking at homologous 
correlations, CMRO2 results were different in 50% of the analyzed seeds, with respect to 
CBF, HbO2 and HbR changes. CMRO2 indicated a decreasing trend of functional 
connectivity in the CaCl2 group that was more evident in the motor and cingulate regions. 
Since CMRO2 potentially displays increased independence to vascular changes and provides 
a metabolic measure expected to closely match neural activity, observed changes may better 
reflect hippocampal neurodegeneration observed previously in this model. Using fcOIS based 
on hemoglobin absorption only we would not be able to discern the vascular response from 
the underlying metabolic activity, hence the need for a more complete set of hemodynamic 
parameters. These results further support that care must be taken when interpreting functional 
connectivity studies with techniques that solely rely on hemodynamics. 

4.3 Graph theoretical measures 

When looking at seed level, RCCA stiffness proved to have the most impact on network 
measures in the right frontal cortex, in both HbO2 and CBF measures. Local efficiency and 
clustering coefficient, both measures of network robustness were significantly higher in the 
NaCl group, potentially indicating loss of network efficiency due to the application of CaCl2. 
The decrease in whole cortex average clustering coefficient can be interpreted as a reflection 
of the randomization of the functional networks with arterial stiffness; this randomization is 
particularly remarkable in the right motor cortex. Betweenness centrality was higher in the 
CaCl2 group suggesting a more central hub role of the motor right regions in the general 
network structure. The non-significant differences in cost and degree in left motor seed (HbR) 
suggest that this node became more disconnected from the global network, with fewer 
neighbors in the CaCl2 group. Cost and degree were also reduced in left cingulate seed in 
CMRO2 measures, but these changes were not reflected at a global level. 

Visual inspection of the weighted functional networks (Fig. 4) indicate a reorganization of 
the CMRO2 networks, but due to the lack of a single formulation for weighted network 
measurements [50] their full characterization remains complex. 

4.4 Impact for BOLD-fMRI 

Mapping resting-state networks provides an approach to assess brain function in populations 
where task-based fMRI scanning is challenging. The BOLD-fMRI signal arises from the 
magnetic properties of HbR, is dependent on local blood volume, flow and deoxygenation 
and is weighted towards venous vasculature. Our results show that investigating network 
connectivity solely based on HbR signals indeed showed decreased connectivity between 
homologous regions but these changes were not significant, weaker and only partially 
coherent with observations using CMRO2. Globally, at the network level, HbR signals 
displayed small changes where compared to flow and CMRO2. Overall, these results suggest 
that BOLD-fMRI signals may potentially be modulated by the rigidification of arterial 
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vasculature and benefit from combined flow and calibration measures in studies investigating 
resting state networks in populations affected by arterial stiffness. 

5. Conclusion 

Using a new carotid calcification murine model, we were able for the first time to investigate 
the isolated effect of unilateral carotid stiffness on resting state networks. It is difficult to 
make a direct comparison of our results to disease in humans and even other animal models, 
since our novel model is specific to study the role of carotid stiffness, independently of 
confounding variables, such as systemic changes in blood pressure, high levels of circulating 
lipids present in other models; or other factors leading to arterial stiffness in humans such as 
aging or atherosclerosis. Using multispectral fcOIS, our results show network modifications 
associated with the procedure and a potential uncoupling between hemodynamic measures 
(HbO, HbR and CBF) and metabolism (CMRO2). While confounds remain due to the fact that 
the procedure leads to both neural degeneration in the hippocampus and lateral vascular 
alterations due to carotid rigidification, both of which will affect resting state networks, they 
underline the importance of calibration of brain images in the presence of arterial remodeling. 

Appendix 

 

Fig. 5. Representative fc maps for all contrasts for a given seed (ML) (a)HbO2 (b)HbR (c) CBF 
(d) CMRO2. 
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Fig. 6. Regional bilateral functional connectivity, comparison performed between control NaCl 
and treatment group CaCl2; analysis done for every seed time-trace and its contralateral part. 
Data points that were more than 3 standard deviations away from the mean were considered 
outliers and consequently removed. Contrasts shown: (a) HbO2, (b) HbR (c) CBF and (d) 
CMRO2. Standard error bars shown (σ/√N), with N = 19. (F: frontal cortex, M: motor cortex, 
C: cingulate cortex, S: somatosensory cortex R: retrosplenial cortex, V: visual cortex). 
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