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Abstract: 1	

Atherosclerotic disease has been associated with increased risk of severe neurovascular 2	

consequences including transient ischemic attacks, ischemic strokes, and even mortality. 3	

Following the onset of carotid stenosis, the brain undergoes different compensatory mechanisms 4	

to provide adequate perfusion in order to maintain brain metabolism. In this study, we employed 5	

near-infrared spectroscopy (NIRS) to better comprehend how carotid stenosis affects cerebral 6	

hemodynamics, both at rest and during activity. Eighteen patients diagnosed with atherosclerotic 7	

disease were recruited for a protocol consisting of resting state and vasoreactivity testing 8	

performed with breath holding.  Although the breath holding challenge induced global 9	

vasodilation in all patients, the extent of dilation varied according to the level of stenosis. 10	

Patients diagnosed with carotid stenosis have impaired hemodynamic response, with a median 11	

77% vasoreactivity in the hemisphere ipsilateral to the stenotic vessel when compared to the 12	

healthy hemisphere. Hemodynamics of these patients differed at rest, with 33% fewer network 13	

links in the hemisphere ipsilateral to the stenosis than the healthy hemisphere. On the other hand, 14	

hemodynamic patterns were more heterogeneous with patients diagnosed with a carotid 15	

occlusion, which correlates with the opening of collateral circulation. Overall, our results suggest 16	

that NIRS can open new directions to the investigation of the effects of cerebrovascular 17	

atherosclerotic disease.  18	
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1. Introduction 1	

Atherosclerotic disease at the carotid bifurcation has been associated with increased risk 2	

of severe neurovascular consequences including transient ischemic attacks (Duncan et al., 1976; 3	

Fisher, 1962), ischemic strokes (Hollander et al., 2002), and even mortality (Störk et al., 2004). 4	

These pathologies stem not only from the stenosis of the carotid artery by the atherosclerotic 5	

plaque resulting in diminished cerebral blood flow through the narrowed lumen, but also via 6	

rupture and subsequent thrombosis of the atheroma, or embolic events (Babikian et al., 1994; 7	

Carr et al., 1996; Delcker et al., 1997; Philip et al., 1984). Studies have shown that the incidence 8	

and severity of carotid stenosis increases with age (de Weerd et al., 2010),  and can be detected in 9	

as many as 75% of men (O’Leary et al., 1992). While the prevalence of carotid atherosclerosis 10	

and its sequellae have been well documented, not much is known about the brain’s compensatory 11	

mechanisms.    12	

Carotid artery disease is clinically assessed with carotid duplex ultrasound (CDUS), CT 13	

angiography (CTA), MR angiography (MRA), and/or conventional cerebral angiography (CCA).  14	

CCA is not common anymore since it confers a high risk of morbidity and mortality due to its 15	

invasive nature (Hankey et al., 1990). CTA and MRA are both noninvasive imaging techniques 16	

that are commonly used in the evaluation of carotid atherosclerotic disease.  While these are both 17	

highly accurate techniques for assessing high-grade carotid stenosis (Debrey et al., 2008; 18	

WARDLAW, 2006), there are numerous limitations including a lack of portability, the inability 19	

to make continuous measurements, and the radiation risk from CTA.  Additionally, these 20	

techniques often require use of IV contrast agents that are contraindicated for patients with renal 21	

disease. CDUS has the advantage of being non-invasive, inexpensive, and it has been shown to 22	

be both sensitive and specific for detecting stenosis (Carroll, 1991; Sabeti et al., 2004; Zwiebel, 23	
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1992). Transcranial Doppler ultrasound (TCD) is an adjunct to CDUS that examines the 1	

intracranial hemodynamics, and it is useful for assessing the development of collaterals in the 2	

circle of Willis (Wilterdink et al., 1997). Despite these advantages, ultrasound technologies are 3	

operator dependent and less precise in measuring lower degrees of stenosis (Carroll, 1991). 4	

Additionally, they can be limited by calcification in the carotid plaques, or the patient’s body 5	

habitus.  6	

Using these imaging techniques, several different models have been proposed to calculate 7	

the degree of stenosis (North American Symptomatic Carotid Endarterectomy Trial(NASCET) 8	

Steering Committee, 1991; Rothwell et al., 1994; Trial, 1991). Some of these techniques have 9	

also been useful in assessing impaired vasomotor reactivity, which is an important adverse 10	

prognostic factor in patients with carotid stenosis. Among several different protocols to induce 11	

vasoreactivity, the simplest hemodynamic challenge (which is commonly used in the clinic) is 12	

the breath holding task. For example, one can implement TCD to estimate the breath-holding 13	

index (BHI) to evaluate cerebral vasoreactivity by measuring changes in the cerebral blood flow 14	

velocity of proximal arteries of the circle of Willis (Vasdekis et al., 2012). Although TCD-based 15	

BHI has been shown to correlate with the degree of stenosis, changes in the microvasculature 16	

should reflect vasomotor reactivity more directly to the tissue level. In addition, not all patients 17	

have temporal acoustic windows available for TCD (Larsen et al., 1994; Tsivgoulis et al., 2007)  18	

Near-infrared spectroscopy (NIRS) has been highlighted as a non-invasive brain 19	

monitoring technique (Ferrari and Quaresima, 2012; Mesquita and Yodh, 2011; Scholkmann et 20	

al., 2014; Yodh and Boas, 2003). By shining near-infrared light (~700 – 900 nm) on the scalp, 21	

NIRS can recover information about cortical hemodynamics at the microvasculature, which 22	

provides a clearer measure of brain function. NIRS’ portability, high temporal resolution, low 23	
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cost and ease of use make it a suitable tool to be used on several environments, ranging from 1	

research laboratory to the patient’s bedside, as well as in remote areas (Favilla et al., 2014; 2	

Mesquita et al., 2013, 2012, 2009; Sanborn et al., 2015).  3	

We hypothesize that NIRS can be employed to further understand how different levels of 4	

carotid stenosis affect brain function on a microvascular level. In this pilot study, we measured 5	

the NIRS response of 18 patients diagnosed with carotid stenosis under two different conditions: 6	

during a vasoreactivity (breath holding) task and during the resting state. The vasoreactivity task 7	

showed significant differences in the microvascular hemodynamic response patterns due to 8	

stenosis, including the inversion of collateral vessels in the hemispheres with decreased blood 9	

supply. Similarly, functional connectivity analysis during the resting state indicated abnormal 10	

connectivity patterns of patients compared to healthy subjects. In particular, we found a high 11	

correlation in the spontaneous hemodynamic fluctuations within the hemisphere contralateral to 12	

the stenosis/occlusion along with a lack of inter-hemispheric connections typically seen in 13	

healthy subjects. Taken together, our results suggest that NIRS can open novel options to further 14	

understand the effects of stenosis in the brain of patients.  15	

 16	

2. Research Methods 17	

2.1 Patients  18	

This study was conducted in accordance with institutional policies and it was approved 19	

by the University of Campinas Institutional Review Board. The experimental protocol is in 20	

agreement with the principles from the Helsinki II convention from Aug 20, 1947. 21	

Eighteen patients (10 male) with clinically diagnosed carotid stenosis were recruited to 22	

this pilot study. The diagnostics was initially made with carotid ultrasound and then confirmed 23	
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with CTA of cervical vessels or digital arteriography. All recruited patients underwent 3T MRA 1	

to exclude silent stroke. Medical history and neurological examination were performed on all 2	

patients in order to exclude a previous history of stroke or transient ischemic accident.  3	

Table 1 shows the demographics of all the patients recruited in this study. The average 4	

age of the cohort was 67 ± 7 years old, ranging from 51 to 75 years old. For our research 5	

purposes, the degree of stenosis was classified as normal (i.e., no stenosis), altered (> 50% 6	

stenosis) or occluded (when there was no detectable patent lumen at gray-scale ultrasound). 7	

MRA and CTA were also used to analyze collateral circulation at the left and right posterior 8	

communicant, and the anterior communicating artery. The breath-holding index (BHI) was 9	

assessed for all recruited patients prior to our experimental protocol with TCD (Sonara, Natus 10	

Medical, Inc., Pleasanton, CA, USA). The BHI for each patient is also available in Table 1.  11	

 12	

2.2 NIRS Experimental Protocol 13	

 The experimental protocol consisted of one single session, in which patients were 14	

instructed to sit down in a comfortable chair and relax. All NIRS optodes were positioned on the 15	

patient’s head. During the experiment, all patients performed two independent tasks. In the first 16	

part of the session, patients were required to close their eyes and to not focus on any specific task 17	

to reproduce the resting state. For each subject, a 300-second baseline run was performed once. 18	

The second part of the protocol was similar to the clinical vasoreactivity test performed with 19	

TCD. Briefly, patients were asked to hold their breath for target duration of 30 seconds followed 20	

by a rest period of 240 seconds. This procedure was repeated twice for a total measurement of 21	

approximately 600 seconds. The whole protocol lasted approximately 1 hour. 22	

 All NIRS data were acquired with a continuous-wave NIRS system (CW6, TechEn Inc., 23	
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Milford, MA, USA).  The temporal resolution of the system was 25 Hz. The NIRS optical probe 1	

was designed with 8 laser sources at 2 different wavelengths (690 and 830nm, emitting ~ 10mW 2	

each) and 16 detectors placed on the scalp to cover most of the frontal and parietal lobes. This 3	

geometry configuration allowed 28 different source-detector pairs (channels) with 3 cm 4	

separation between sources and detectors.  Figure 1-A shows the regions that the probe was 5	

sensitive to, covering hemodynamic changes from the middle frontal, superior frontal, precentral 6	

and postcentral gyri. 7	

 8	

2.3 Functional (Breath holding) Analysis 9	

 Functional analysis followed established protocols in the NIRS community (Huppert et 10	

al., 2009). First, motion artifacts were automatically removed by employing a wavelet filter 11	

(Brigadoi et al., 2014). Channels with low signal-to-noise ratio (i.e., SNR < 8) were also 12	

discarded at the pre-processing step. The remaining channels were band pass filtered (0.005 - 0.5 13	

Hz) and converted to oxy-(HbO) and deoxy-(HbR) hemoglobin concentration changes by 14	

applying the modified Beer-Lambert law with a different pathlength factor of 6 for both 15	

wavelengths. Total hemoglobin concentration (HbT) was obtained by summing HbO and HbR. 16	

The hemodynamic response due to breath holding was obtained for each channel by averaging 17	

the trials, starting 2 seconds prior to the beginning of the task and ending 60 seconds after the 18	

completion of the task. Since breath holding is a global task (as it induces vasodilation across all 19	

regions of the brain), signals from all channels were averaged in order to estimate a global 20	

hemodynamic vasoreactivity response for each patient. Figure 1-B illustrates the analysis 21	

procedure. 22	

 23	
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 1	

2.4   Resting-State Connectivity Analysis 2	

For the resting state data, regions around motion artifacts (identified as sudden changes in 3	

intensity level) were discarded. Similarly to the functional analysis, channels with SNR < 8 were 4	

also not considered for analysis. The remaining channels were bandpass filtered between 0.009 5	

and 0.08 Hz for analysis of low frequency hemodynamic oscillations (Greicius et al., 2009; Lu et 6	

al., 2010; Mesquita et al., 2010; Novi et al., 2016; Sasai et al., 2012), and hemoglobin 7	

concentration changes were estimated as in the functional analysis. Last, we decomposed the 8	

signal using a Principal Component Analysis (PCA) algorithm, and filtered out the first principal 9	

component from the original signal, which has been shown to be strongly correlated with the 10	

global average signal (Carbonell et al., 2011; Novi et al., 2016). 11	

 The NIRS-based network was constructed from the correlation matrix between the time-12	

courses of each of the hemoglobin concentrations (Novi et al., 2016, Figure 1C). In the 13	

connectivity network, the nodes represent the channels and the links represent the similarity (as 14	

measured by the Pearson correlation coefficient) between two given nodes. For each network, we 15	

arbitrarily fixed the average number of links to correspond to 20% of the maximum number of 16	

links. The average degree was calculated for each network and employed as a measure to how 17	

connected the different regions are. In order to derive common patterns across the whole 18	

population, we first separated the hemispheres occluded/ipsilateral to the stenosis from the 19	

normal hemispheres, and then calculated a frequency network by computing the frequency that 20	

each link appears in the network across all patients (Novi et al., 2016).  21	

 22	

 23	
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 1	

2.5   Statistical Analysis 2	

Patients were separated in three different groups according to their diagnosis: 1) the 3	

normal-altered (NA) group, which presented one normal hemisphere and another one altered 4	

(i.e., > 50% stenosis); 2) the normal-occluded (NO) group, with one normal and one occluded 5	

hemispheres, and; 3) the altered-occluded (AO) group, in which one hemisphere was classified 6	

as altered and another one with occlusion. In total, we had a total of 10 patients in the NA group, 7	

4 patients in both NO group, and 4 patients in the AO group. Data from the groups were 8	

summarized using the median and interquartile range (IQR). Since the main goal of this pilot 9	

study was to better understand hemodynamic activity of different patients, we did not aim to 10	

address group comparisons. Instead, we analyzed individual patterns and how common such 11	

patterns are in patients with the same diagnostics.  12	

 13	

3. Results 14	

3.1 Breath holding induces a global hemodynamic response in all patients  15	

 Figure 2 shows the average HbO, HbR and HbT responses during the breath-holding 16	

period for each source-detector position for a representative patient. As expected, we observed 17	

significant increases of HbO and HbT in all channels during the first 10 seconds of the task, 18	

which can be associated to the vasodilation as a consequence of the increase in partial pressure of 19	

CO2. The increase in HbO and HbT synchronously reached their maximum value near the end of 20	

the task. The HbR response was more heterogeneous, showing a slight increase at the beginning 21	

of the task followed by a decrease near the end of the task in most of the cases. In all cases, the 22	

hemoglobin concentrations decreased to the baseline value from 15 to 20 seconds after the end of 23	
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the task. This global behavior, similar to what previous studies have seen for healthy subjects, 1	

was observed in all patients, which suggests that the stenosis degree does not affect the 2	

characteristic hemodynamic response during a vasoreactivity task. 3	

 4	

3.2 Hemodynamic changes induced by breath holding vary with stenosis degree   5	

 In order to compare the behavior of the hemodynamic response in each hemisphere, we 6	

calculated the median response over all channels located at the same hemisphere of each subject 7	

during the breath-holding task. Figure 3 shows the characteristic hemoglobin concentration 8	

changes for each hemisphere for a representative patient of each group. Although the 9	

hemodynamic response has similar dynamics across both hemispheres in all groups, the 10	

amplitude of the hemispheric vasodilation can be quite different. For all the patients in the NA 11	

group, the BH-induced hemodynamic change in the hemisphere ipsilateral to the stenosis was 12	

significantly smaller than the hemodynamic change in the contralateral hemisphere. The median 13	

(IQR) change in the stenosis/normal hemispherical HbO ratio was 0.77 (0.58 – 0.89), i.e., the 14	

HbO increase in the hemisphere with stenosis was 77% of the increase in the normal hemisphere. 15	

Similarly, the HbT increase in the hemisphere ipsilateral to the stenosis was smaller than in the 16	

contralateral hemisphere (median = 0.74, IQR: 0.56 - 0.90). Table 2 summarizes all 17	

hemispherical changes by group.  18	

Interestingly, the hemodynamic response in the occluded hemisphere was not smaller 19	

than the hemodynamic response in the normal hemisphere for all patients in the NO group. 20	

Patients in the AO group presented a slightly smaller response in the occluded hemisphere when 21	

compared to the stenosis hemisphere, but very close to 1. Collateral circulation can explain the 22	

similarity of the hemodynamic responses between the two hemispheres in the occluded patients. 23	
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In our cohort, all patients with an occluded hemisphere had at least 2 communicating arteries 1	

opened, which did not happen to the NA group (Table 1).  2	

 3	

3.3 Carotid stenosis affects hemodynamic activity at rest   4	

Last, we investigated how spontaneous hemodynamic activity is affected in patients 5	

diagnosed with carotid stenosis. Figure 4 shows the NIRS-based networks for representative 6	

patients in the NA, NO and AO groups. In all cases, it is possible to note that the number of links 7	

is higher in the normal hemisphere (for the NA and NO groups), suggesting that the disease 8	

disturbs the coherence of the hemodynamic fluctuations even at rest.  9	

In order to quantify the average number of links, we calculated the ratio of the number of 10	

links between the hemispheres. Table 3 summarizes the results for all contrasts as function of the 11	

group. For the HbO networks in the NA group, the median (IQR) number of links in the normal 12	

hemisphere was 1.5 (1.2 - 1.8) times the number of links in the altered hemisphere. Similarly, 13	

this ratio was 1.2 (1.1 - 1.7) for the HbT networks. We did not observe any pattern in the HbR 14	

maps; the median ratio for the NA group was 1.0 (0.7 - 1.5). Patients with an occluded 15	

hemisphere did not exhibit any standard trend, with ratios oscillating around 1.  16	

 17	

3.4 Spontaneous hemodynamic fluctuations are more heterogeneous in patients with 18	

carotid stenosis   19	

 Next, we were interested in finding the common links (brain connections) across the 20	

whole population. Figure 5A shows the resultant networks with the most frequent links across all 21	

patients for each NIRS contrast. It is possible to note that the common links in all contrasts are 22	

predominantly short-range links (i.e., links between close regions in the brain). In addition, the 23	
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hemisphere ipsilateral to the stenosis/occluded has considerably fewer links than the contralateral 1	

hemisphere for all NIRS contrasts.  2	

At the same time, it is striking that the HbO, HbR and HbT resultant networks from the 3	

patients lack robust inter-hemispheric connections. In fact, there are only 2 inter-hemispheric 4	

connections with frequency equal or higher than 50% in the HbO network and none in the others. 5	

Since individual maps of patients do show inter-hemispheric connections (Figure 4), the lack of 6	

inter-hemispheric and long-range links in the resultant maps indicates that these connections are 7	

very specific to each patient. This may be related to how the brain compensates for the lack of 8	

blood availability, and it is different from what previous studies have found in healthy patients 9	

(Novi et al., 2016). By comparison, Figure 5B shows resultant networks obtained for the same 10	

number of subjects within a healthy population cohort (collected separately).  11	

It is worth mentioning that we arbitrarily established a frequency threshold to quantify 12	

the connectivity of each hemisphere. To evaluate the influence of our choice, we varied the 13	

threshold from 50% to 80% in steps of 5%. Figure 6 shows the ratio of the number of links 14	

between the two hemispheres as function of the frequency of the links in the network. It is 15	

possible to note that, regardless of the frequency analyzed, the hemisphere contralateral to the 16	

stenosis/occlusion has 149 ± 9 % (mean ± SD) more links than the hemisphere ipsilateral to the 17	

stenosis/occlusion, for all NIRS contrasts.  18	

Last, in order to further evaluate the importance of each hemisphere in respect to the 19	

whole network, we questioned whether there were hubs in the NIRS networks at rest. Hubs are 20	

highly connected nodes. To find these important nodes, we computed the weighted degree, w, 21	

and then we defined as a hub every node that had w > 90% of the maximum w of each network 22	

(Barrat et al., 2004; Newman, 2004; Novi et al., 2016). Interestingly, all hubs from the patients’ 23	
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networks were located on the hemisphere contralateral to the stenosis/occlusion for HbO, HbR 1	

and HbT networks (red nodes in Figure 5). Again, this is a different pattern that one would find 2	

in a healthy population, in which hubs are located in both hemispheres (Novi et al., 2016). The 3	

predominance of hubs in the hemisphere contralateral to stenosis/occlusion may indicate the 4	

importance of this hemisphere to sustain hemodynamics in patients diagnosed with 5	

atherosclerotic disease.  6	

 7	

4. Discussion 8	

 In this work, we aimed to investigate whether NIRS could be employed as a 9	

complementary tool to better understand the effects of atherosclerotic disease in the brain. In the 10	

clinical practice, flow response to vasomotor reactivity is the standard method to infer the effects 11	

of carotid stenosis to the brain (Markus and Harrison, 1992; Müller and Schimrigk, 1996; 12	

Ratnatunga and Adiseshiah, 1990; Ringelstein et al., 1988; Silvestrini et al., 2009, 1996; Soinne 13	

et al., 2003; Vernieri et al., 1999; Widder et al., 1994). Although breath holding is not a 14	

controlled vasoreactivity task (i.e., it does not induce the same vasodilatory response to all 15	

patients), it appears as an affordable and efficient way to induce vasoreactivity in patients and 16	

controls. In addition, breath holding has been clinically employed in hospitals, at least in places 17	

with limited financial resources. Therefore our research protocol has special relevance to 18	

atherosclerotic disease care in low- and middle-income countries. 19	

 Previous recent work has shown that NIRS-based vasoreactivity, as measured by a 20	

breath-holding index (BHI), correlates with TCD-based vasoreactivity employed in the clinic 21	

(Vasdekis et al., 2012). However, the variability in the BHI as function of patient condition is 22	

still subject of debate. Here we chose to address the question of how different patients respond to 23	
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the breath holding task. Overall, we measured an increase in oxygenation that can be explained 1	

by a vasodilatory effect induced by the breath holding (Figure 2). This increase was observed in 2	

all patients and in all channels.  3	

 One intrinsic limitation of NIRS relies on the extra-cortical contributions to the signal 4	

(Minati et al., 2011; Obrig et al., 2000; Oscillators, 2010; Tachtsidis et al., 2008).  Superficial 5	

layers account for most of the NIRS signal, and removal of such contamination can be difficult, 6	

although possible (Gagnon et al., 2014, 2012). For this reason, we opted not to compare the 7	

hemodynamic response due to breath holding between different subjects, since the extra-cortical 8	

contribution affects the amplitude changes and it will depend on each subject anatomy. 9	

Therefore, by comparing the ratio between different hemispheres for the same subject we avoid 10	

errors due to extra-cortical contributions.    11	

 Overall, we found that patients with just a single hemispheric stenosis (i.e., patients in the 12	

NA group) present a large disparity between the healthy hemisphere and the hemisphere 13	

ipsilateral to the stenosis. This hemispherical difference was true in all cases studied in the NA 14	

group, both during the vasoreactivity task (Figure 3 and Table 2) and even during the resting 15	

state (Figure 4 and Table 3). Although this result is somewhat expected, since the stenosis allows 16	

less blood flow into the brain and stresses the vasculature, it is remarkable that NIRS can reliably 17	

reflects this condition so clearly in our dataset.  18	

 On the other side, the hemodynamic response of patients with at least one occluded 19	

hemisphere (i.e., patients in the NO or AO groups) was more heterogeneous. Despite the 20	

heterogeneity, one systematic behavior in these patients was the similarity between the two 21	

hemispheres. That may be explained by additional blood circulation due to collateral vessels. It is 22	

well established in the literature that brain regions affected by stenosis overcome the low 23	
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metabolic products income with blood coming of collateral vessels (Demchuk et al., 2000; 1	

Norrving et al., 2015; Tsivgoulis et al., 2007). Communicating arteries in the circle of Willis play 2	

an important role in patients with carotid stenosis or with occluded carotids since collateral flow 3	

in these arteries can be reversed to supply additional blood (Zhu et al., 2015). All patients with 4	

an occluded carotid have at least two communicating arteries opened (Table 1). Therefore it is 5	

reasonable that the hemodynamic response between the two hemispheres is similar in these 6	

patients, once flow from a healthy region can be reallocated to the occluded region through the 7	

collateral circulation. Overall, blood flow across the whole brain will still be decreased, which 8	

explains the smaller changes in amplitude in both hemispheres in the NO and AO groups, as 9	

compared to the NA group (Figure 3). The heterogeneity is probably related to the number of 10	

collateral vessels opened, but this investigation was beyond the scope of this work.  11	

  Another novelty of this study is the use of functional connectivity to analyze the 12	

interactions among different brain regions during the resting state. Recent studies have showed 13	

that several brain diseases, such as Alzheimer, schizophrenia and epilepsy can lead to aberrant 14	

connectivity patterns during the resting state (Garrity et al., 2007; Stam et al., 2007; Tian et al., 15	

2016; Zhang et al., 2017), as compared to healthy patterns. Here, we hypothesized that 16	

spontaneous hemodynamic fluctuations of the brain at rest could provide biomarkers to stenosis 17	

as well.  18	

In fact, we found that NIRS-based functional connectivity is sensitive to different grades 19	

of stenosis, even in the resting state. Similar to what we have found for the vasoreactivity task, 20	

patients in the NA group have very different behavior between the hemispheres. Specifically, 21	

they lack connections in the hemisphere ipsilateral to the stenosis, suggesting either that there are 22	

no interactions between different regions of the diseased hemisphere or that the hemodynamic 23	
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fluctuations are desynchronized (i.e., out of phase). We also observed the absence of connections 1	

in the occluded hemisphere in the NO and AO groups, although with a higher variability across 2	

different patients. 3	

Last, we attempted to analyze robust patterns during the resting state that could be 4	

associated with atherosclerotic disease, despite individual variations reported in our work. Since 5	

the number of patients in this study was low, we opted to derive a resultant graph based on the 6	

frequency of appearance of links rather than taking group averages of properties (Figure 5). This 7	

approach allowed us to analyze how similar the graphs are across all patients. In addition, the 8	

topological features from the frequency networks can provide insights how atherosclerotic 9	

diseases affect spontaneous hemodynamic activity. For example, most of functional connectivity 10	

studies with NIRS in healthy subjects show inter-hemispheric connections (Li et al., 2015; 11	

Mesquita et al., 2010; Novi et al., 2016; Sakakibara et al., 2016). In this study we were also able 12	

to find similarities between hemispheres for all of the patients, which resulted in inter-13	

hemispheric connections. However, we found inter-hemispheric connections to vary in a great 14	

extent across patients, which resulted in a lack of inter-hemispheric connections in the resultant 15	

graph based on the frequency of appearance of each link.  16	

Another interesting result from the resultant network is that all hubs were exclusively 17	

located in the hemisphere contralateral to the stenosis/occlusion in all NIRS contrasts. In 18	

addition, the number of connections in the contralateral side was 149 ± 9 % (mean ± SD) higher 19	

than in the hemisphere ipsilateral to the stenosis/occlusion. Together, these findings suggest that 20	

in order to keep the brain’s global stability and overcome the lower flow due to the 21	

stenosis/occlusion, the brain might have to reorganize itself by increasing the connectivity and 22	

information transfer in the contralateral hemisphere. Although we believe that more patients are 23	
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needed to better understand the common aspects of atherosclerotic disease in the brain, this work 1	

progresses towards a novel method that can provide useful information for assessing cerebral 2	

hemodynamics in patients diagnosed with atherosclerotic disease, both during functional tasks 3	

and in the resting state.  4	

 5	

5. Conclusions 6	

In this work we employed near-infrared spectroscopy (NIRS) to further comprehend how 7	

atherosclerotic disease affects brain hemodynamics, both at rest and during breath holding. We 8	

showed that patients diagnosed with unilateral stenosis have impaired hemodynamic response, 9	

presenting lower vasoreactivity and lack of coherent spontaneous fluctuations in the hemisphere 10	

ipsilateral to the stenosis. Patients with a carotid occlusion present more heterogeneous 11	

responses, possibly related to the increased collateral circulation in the hemisphere ipsilateral to 12	

the occlusion. Unlike healthy subjects, NIRS functional connectivity analysis during the resting 13	

state suggests that patients with atherosclerotic disease have interconnected regions of 14	

spontaneous hemodynamic fluctuations that can be very heterogeneous. Overall, our results 15	

suggest that NIRS can open new directions to the investigation of the effects of atherosclerotic 16	

disease in the patient’s brain, and larger scale clinical trials should further substantiate our 17	

findings.  18	
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Table 1. Detailed characteristics for all patients recruited in this study. The group was classified 1	
according to the hemispherical diagnosis (see Section 2.5 for details) as Normal-Altered (NA), 2	
Normal-Occluded (NO) or Altered-Occluded (AO). The breath holding index (BHI) was 3	
obtained from TCD, and the number of collateral vessels (NCV) opened was obtained from 4	
MRA and CTA. (Note: F: Female, M: Male, C: Caucasian, AA: African American.)  5	
 6	

Patient Age (years) Gender Race Group NCV BHI 
1 71 F C NA 0 1.2 
2 75 M AA NA 0 1.1 
3 56 M C AO 3 0.2 
4 63 M C NO 2 0.5 
5 68 M C AO 2 0.4 
6 72 M C NA 3 0.3 
7 73 M C NA 0 0.3 
8 60 F C AO 2 0.8 
9 62 F C NA 1 0.6 
10 64 F AA NA 3 0 
11 70 M C NA 1 0.1 
12 71 M C NA 0 0.9 
13 51 F C NO 2 0.8 
14 75 F C NA 1 0.7 
15 67 F C NO 2 0.6 
16 59 M C NO 3 0.3 
17 72 M C NA 0 0.2 
18 74 F C AO 2 0.7 

  7	



	 28	

Table 2. Median (IQR) hemispherical ratio of the changes in oxy- (HbO), deoxy- (HbR) and 1	
total-hemoglobin (HbT) across all patients for each group. The ratio was calculated by dividing 2	
the maximum change of in each hemisphere across all channels. (NA: normal-altered group; NO: 3	
normal-occluded group; AO: altered-occluded group.) 4	

 5	

Hemodynamic contrast Patient Groups 
NA NO AO 

HbO 0.77 (0.58 – 0.89) 1.32 (1.31 – 1.33) 0.89 (0.81 – 0.97) 
HbR 0.87 (0.78 – 1.59) 0.74 (0.73 – 0.75) 1.15 (1.07 – 1.22) 
HbT 0.74 (0.56 – 0.90) 1.16 (1.13 – 1.19) 0.95 (0.76 – 1.15) 

  6	
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Table 3. Median (IQR) hemispherical ratio of the number of links across all patients. The 1	
number of links was calculated across all nodes in the hemisphere based on the functional 2	
connectivity during the resting state, for each NIRS-based contrast: oxy- (HbO), deoxy- (HbR) 3	
and total-hemoglobin (HbT). (NA: normal-altered group; NO: normal-occluded group; AO: 4	
altered-occluded group.) 5	

 6	

Hemodynamic contrast Patient Groups 
NA NO AO 

HbO 1.5 (1.2 – 1.8) 1.2 (1.0 – 1.5) 1.0 (0.9 – 1.1) 
HbR 1.0 (0.7 – 1.5) 0.9 (0.7 – 1.3) 0.5 (0.3 – 0.8) 
HbT 1.2 (1.1 – 1.7) 1.2 (1.0 – 1.4) 1.3 (1.2 – 1.4) 

  7	
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 1	

Figure 1.  Details of the experimental protocol and analysis methods. (A) Monte Carlo simulation of the 2	
photon fluence sensitivity for the probe configuration employed in this study. Simulation was performed 3	
with 108 photons (Aasted et al., 2015). Color bar indicates the sensitivity of our probe in a logarithmic 4	
scale (red represents regions with highest sensitivity). The simulation suggests that measurements are 5	
more sensitive to frontal, superior frontal, precentral and postcentral gyri. Oxy- (HbO), deoxy- (HbR) and 6	
total-hemoglobin changes (HbT) were estimated from the regions measured. (B) Schematics of the 7	
functional protocol, which consisted of two breath holding trials. The hemodynamic response was 8	
obtained by averaging the NIRS time-series around the task periods for each channel. (C) For the resting-9	
state connectivity analysis, we computed correlation matrices independently for HbO, HbR and HbT by 10	
calculating the Pearson correlation coefficient across all channels, and then we kept the links between the 11	
highest correlation coefficients until we reach the threshold of 20% of the maximum number of possible 12	
links. The final graph was back projected onto 2D topographic maps of the optical geometry for visual 13	
analysis.  14	
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 1	
Figure 2. Hemodynamic response due to the vasoreactivity challenge for a representative patient. The 2	
oxy- (HbO), deoxy- (HbR) and total-hemoglobin (HbT) concentration changes were observed in all 3	
regions measured, and it was characterized by a significant increase in HbO and HbT, with an increase 4	
followed by a decrease in HbR. The hemodynamic changes return to baseline few seconds after the task is 5	
over.   6	
 7	
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 1	

Figure 3.  Average hemodynamic concentration changes (Δc) due to breath holding for oxy- (HbO, first 2	
column), deoxy- (HbR, second column) and total-hemoglobin (HbT, third column) concentrations, 3	
separated by hemisphere, for one representative patient of each group: (A) normal-altered (NA), (B) 4	
normal-occluded (NO) and (C) altered-occluded (AO). In the plots, the gray region represents the breath 5	
holding period. The solid curves are the mean response across all channels from the hemisphere, and the 6	
shadows represent the standard deviation across all trials and channels.  7	
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 1	

Figure 4: Functional connectivity graphs during the resting state based on oxy- (red, first column), 2	
deoxy- (blue, second column) and total-hemoglobin (green, third column) concentration fluctuations for 3	
one representative patient of each group: (A) normal-altered (NA), (B) normal-occluded (NO) and (C) 4	
altered-occluded (AO). In the plots, the full circles represent every source-detector measurement and the 5	
solid lines are the links between different regions measured (i.e., regions with high similarity as measured 6	
by the Pearson correlation coefficient).  7	
 8	
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 1	

Figure 5.  (A) Frequency network for all links across all patients, for each NIRS contrast (HbO: oxy-2	
hemoglobin; HbR: deoxy-hemoglobin; HbT: total-hemoglobin). In order to derive the frequency map for 3	
all patients, we grouped all hemispheres ipsilateral to the stenosis or occlusion (Ipsi in the figure); normal 4	
hemispheres were in the contralateral hemisphere (Contra in the figure). (B) Frequency map for a subset 5	
of healthy subjects collected separately for comparison. It is possible to note that healthy subjects present 6	
more inter-hemispheric connections in the frequency maps. In the maps, black circles represent the nodes 7	
of the graph (NIRS channels), and red dots are the highly connected nodes (hubs). Each link color 8	
corresponds to the frequency that the link appeared in each subject group. The frequencies range from 0.5 9	
(50%) to 1 (100%).  10	
  11	



	 35	

 1	

Figure 6.  Percent ratio of the number of links between the two hemispheres as function of the frequency 2	
threshold for oxy- (HbO), deoxy- (HbR) and total-hemoglobin (HbT) frequency graphs. In all cases 3	
studied, the number of links in the hemisphere contralateral to the stenosis/occlusion has more links than 4	
in the hemisphere ipsilateral to the stenosis.  5	


