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Abstract 

The internal carotid artery (ICA) and external carotid artery (ECA) facilitate perfusion to the 

intracranial and extracranial regions, respectively. Under current dogma, the ICA is tightly 

regulated to ensure stable cerebral perfusion, while the ECA remains more pressure-passive, 

compensating for fluctuations in blood flow to the brain by redirecting blood flow to protect 

the cerebrovascular network during physiological stressors. While previous research has 

attempted to influence ECA flow through indirect stimuli such as facial cooling and exercise, 

direct experimental manipulation of ECA flow has rarely been tested. It remains unclear how 

ICA and ECA branches reallocate flow in response to changing demands in the facial 

vasculature. The purpose of this research is to determine whether the ECA can directly control 

carotid flow redistribution via jaw clenching by increased facial flow resistance and a post-

exercise hyperemic response. 26 healthy adults (24±4 years; 15 female) performed isometric 

(25% maximum voluntary jaw clench (MVJC); 60 sec) and dynamic (50% duty cycle 3 seconds 

ON/OFF, for 60 sec at 75% MVJC) jaw clenching exercises. Additionally, a facial cooling 

mask was placed on each participants face to elicit a non-metabolic vasoconstrictor response. 

Blood velocity in the CCA, ECA and ICA was measured with conventional Doppler ultrasound 

before, during, and post clenching periods, and before and during facial cooling. Transcranial 

Doppler ultrasound continuously recorded middle cerebral artery velocity (MCAv), and vector 

flow imaging (VFI) was used to scan the carotid bifurcation before and post jaw clenching to 

determine changes in blood flow patterns. During both isometric and dynamic jaw clenching 

protocols, CCA and ECA blood flow increased from baseline, during, and post clenching, 

accompanied by a decrease in the pulsatility index (PI) (p < 0.05), indicating that jaw clenching 

actively increases extracranial blood flow via the ECA. In contrast, no changes were observed 

in ICA blood flow and PI throughout isometric jaw clenching, however, during dynamic jaw 

clenching, blood flow increased during the post clench phase compared to the ON phase (p < 
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0.05) and the PI decreased throughout (p < 0.05). MCAv increased during dynamic clenching 

(p < 0.05). The resistance index decreased during clenching and rebounded post clench for both 

jaw clenching conditions (p < 0.05), suggesting that intracranial responses depend on the 

clenching modality. VFI revealed that isometric jaw clenching increased flow and uniformity 

at the carotid bifurcation, reflecting laminar redistribution between the ECA and ICA. These 

findings provide novel evidence that jaw clenching can modulate carotid hemodynamics at 

both extracranial and intracranial levels and reshape local flow patterns at the carotid 

bifurcation. This has potential implications for understanding vascular contributions to 

temporomandibular disorders and the broader cerebrovascular impact of chronic jaw muscle 

activity. 
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1.0 Literature review  

  The common carotid arteries (CCA), located on both sides of the neck, are the primary 

blood vessels for supplying blood to the neck, head, and facial region (1). As the CCA ascends 

the neck, it will bifurcate, giving rise to the internal carotid artery (ICA) and external carotid 

artery (ECA) which are the main branches responsible in facilitating hemodynamic perfusion 

to the cerebral (intracranial) and facial (extracranial) regions respectively (1). While many 

carotid arteries follow a relatively straight course, there are variations where some carotid 

arteries have kinks or curves along their path (Fig. 2) (2). The location of the bifurcation can 

also vary, with some located lower in the neck, and others higher up (Fig. 2) (2). Interestingly, 

the carotid bifurcation is a frequent site for atherosclerotic plaque development due to disturbed 

blood flow patterns that arise from these anatomical and geometric variabilities mentioned (3). 

Typically, blood flows in layers that move parallel to one another along the length of the vessel, 

a phenomenon known as laminar flow. In this arrangement, faster-moving blood is 

concentrated in the center of the vessel, while slower-moving blood is found near the vessel 

walls due to the effects of friction (4). Regions such as the carotid bifurcation, do not exhibit 

laminar flow; instead, disturbed flow patterns arise which are characterized by flow separation, 

recirculation zones, and flow reversal (3,4). Disturbed flow leads to endothelial dysfunction, a 

key factor contributing to the development of atherosclerosis (5). In particular, located near the 

carotid bifurcation and in close proximity of the ICA, the carotid sinus is a region where blood 

flow encounters a boundary layer separation zone where flow patterns may briefly reverse 

direction resulting in transient blood flow reversal (Fig. 1) (6,7). These localized flow 

disturbances may influence upstream regulatory mechanisms responsible for maintaining 

cerebral perfusion. 
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Given the brain's exceptionally high metabolic demand, stable blood flow is essential 

for maintaining adequate oxygenation and sustaining vital brain function (8). To achieve this, 

the brain relies on cerebral autoregulation, a tightly controlled process that ensures consistent 

cerebral blood flow despite fluctuations in mean arterial pressure and perfusion pressure (9). 

While the ICA is tightly regulated to ensure stable cerebral perfusion, the ECA remains more 

pressure-passive, compensating for fluctuations in blood flow to the brain by either absorbing 

or redirecting flow to protect the cerebrovascular network (10–12). The ECA is primarily 

responsible for supplying blood to the facial region; however, in severe cases where the ICA 

becomes occluded due to plaque formation, the ECA can facilitate collateral pathways, forming 

extracranial-to-intracranial connections that help maintain cerebral perfusion (13). 

Additionally, during physiological stressors, such as intense exercise or facial cooling, the ECA 

may act as a safeguard against cerebral over- and under-perfusion (14–16). Therefore, this 

suggests that changes in vascular tone within the downstream branches of the ECA may 

Figure 1: Vector flow image of a carotid bifurcation depicting flow reversal at the carotid bulb. Lower 
velocity is represented by blue vector arrows pointed towards the right. Retrieved from Baun (7). 
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influence upstream blood flow dynamics in the ICA, further underscoring the ECA’s role in 

supporting cerebrovascular stability under varying physiological conditions (17). 

While the ECA can be considered pressure-passive and serve as a protective mechanism 

to ensure proper recovery of ICA blood flow and optimize intracranial oxygen delivery; it 

remains unclear whether the ECA can directly regulate flow redistribution at the carotids, 

particularly in response to experimental manipulation of resistance in the downstream facial 

arterial network. This review will examine the anatomy and blood flow patterns of major extra- 

and intra-cranial arteries and probe the utility of the ECA as a target artery for extracranial 

blood flow control. Additionally, this review will examine the flow distribution between the 

ICA and ECA, specifically examining the blood flow dynamics at the carotid bifurcation. The 

flow distribution between the ICA and ECA serves as a good model for extracranial flow 

control since it highlights the balance between tightly regulated intracranial flow (ICA) and 

more pressure-passive flow to the face (ECA). This balance offers valuable insights into how 

blood flow can be manipulated to meet local demands, and how disturbances in flow might 

lead to vascular dysfunction. Jaw clenching will be used as a stimulus to induce increased 

peripheral resistance and a post-exercise hyperemic response, while facial cooling will be used 

to constrict facial arteries and elicit a non-metabolic vasoconstrictor response. 
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1.1 Major extracranial arteries 

1.1.1 Common carotid artery and blood flow patterns 

The CCAs run bilaterally along the neck and are the primary blood vessels responsible 

for facilitating hemodynamic perfusion to the cerebral and facial regions (1). The CCA 

originates posterior to the sternoclavicular joints in the neck and is contained within the carotid 

sheath posterior to the sternocleidomastoid muscle (18). Originating differently on each side, 

the right CCA stems from the brachiocephalic artery, while the left CCA arises directly from 

the aortic arch in the thorax (19). The arterial vasculature is composed of three tissue layers: 

the tunicas intima, media, and adventitia (20). The tunica intima is the innermost layer of the 

arterial wall, consisting of a single layer of endothelial cells that line the lumen, serving as a 

conduit for blood to flow through the lumen (21). The tunica media, the middle arterial layer 

composed of smooth muscle cells, elastin, and collagen, is responsible for mechanical 

properties by passively distending and recoiling in response to changes in blood pressure (4). 

The tunica adventitia is the outermost layer which connects the carotid vessel to the 

surrounding tissue, serving as an anchor to ensure proper attachment and support (21).  

As the CCA ascends the neck, it reaches the carotid bifurcation where it divides into 

two daughter branches of unequal size, giving rise to the ICA and ECA (22,23). There is 

considerable variability in height, location, and geometric configuration of the bifurcation 

across individuals that strongly influences hemodynamic patterns within the vasculature (2,24). 

Studies indicate that approximately 63% of CCAs follow a straight course, while 26% exhibit 

curvature, and 6% display kinking or coiling, indicative of varying degrees of tortuosity within 

the CCA architecture (Fig. 2) (2,25). These anatomical and geometric variabilities in the carotid 

bifurcation may contribute to an increased likelihood of turbulent flow (26). Turbulent flow 

consisting of chaotic and randomized flow in all directions can arise in the posterolateral aspect 
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of the carotid sinus and is often associated with conditions such as atherosclerosis and stenosis 

(6,26). This irregularity in blood flow causes pressure and velocity to fluctuate within the vessel 

resulting in endothelial damage and plaque formation which in turn reduces the efficiency of 

blood flow and nutrient delivery to tissues (27).   

 

 

 

 

 

 

To quantify the onset of turbulence and to predict when flow becomes inefficient, 

Reynold’s number (Re) is used in fluid dynamics when transitioning from laminar to turbulent 

flow (28). When Re exceeds a certain threshold (typically greater than 4000), the flow shifts 

from laminar to turbulent, amplifying the irregularities in velocity and pressure within the 

vessel, and thereby decreasing flow efficiency (29).  

The hemodynamic environment of the carotid artery is characterized by a diverse range 

of blood flow patterns. Investigating the CCA, this section exhibits plug flow, a distinct type 

of laminar flow characterized by a flattened blood flow profile in the middle of the vessel, 

where blood moves at a relatively uniform speed (30). As we ascend the CCA, blood flow 

remains laminar, however, reaching the carotid bifurcation, this is where flow patterns become 

disturbed exhibiting patterns such as flow separation, turbulence and recirculation (31). 

Figure 2: Anatomical Variations of the carotid bifurcation and its branches. The ICA may follow a curved course (A), 
demonstrate kinking (B), or exhibit coiling (C). Additionally, the carotid bifurcation may vary in its location, appearing higher 
in the neck above the level of the hyoid. Adapted from Arumugam and Subbiah (25). 
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Interestingly, anatomical differences can markedly influence the formation of recirculation 

zones and turbulent flow, which may increase the risk of vascular complications such as 

atherosclerosis. Recirculation is characterized by streamlines looping from the forward flow 

into a zone where the flow has separated from the vessel wall (31). Notably, there is a 

correlation between bifurcation angle (Fig.3) and sex, revealing that males typically exhibit 

larger bifurcation angles than females (32). The average bifurcation angle for females is 

approximately 51 degrees, while for males, it averages around 67 degrees (33). Specifically, a 

larger ICA angle (>25°) has been associated with abnormal wall shear stress (WSS) patterns, 

including the formation of recirculation zones and low WSS which can contribute to 

atherosclerotic plaque development (34,35). 

 

 

 

 

 

 

 

 

 

1.1.2 Internal carotid artery anatomy and blood flow  

The ICAs are responsible for delivering oxygenated blood to the brain and are divided 

into extracranial and intracranial parts, with several distinct segments (36,37). The ICA begins 

as one of the terminal branches of the CCA at the carotid bifurcation, enters through the base 

of the skull, and travels upwards through the outer opening of the carotid canal in the petrous 

Figure 3: Visual representation of angle and radius measurements taken from 
the carotid artery at the bifurcation. Adapted from Phan et al (34). 
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temporal bone (36,37). The ICA passes through the foramen lacerum, the cavernous sinus, and 

enters the subarachnoid space (36). Within the cranial cavity, the ICAs anastomose with the 

vertebral arteries to form the circle of Willis, supplying the brain with blood (38). The final 

segment of the ICA branches into the ophthalmic, middle cerebral, and anterior cerebral arteries 

(38).  

When using Doppler ultrasonography to assess blood velocity in the ICA, the waveform 

appears as a low resistive pattern, and the velocity difference between systolic and diastolic 

phases are smaller than the ECA (39). This is reflected by a low pulsatility index (PI), defined 

as the difference between the peak systolic flow and minimum diastolic flow velocity, divided 

by the mean velocity recorded throughout a cardiac cycle (40). While the PI is often used to 

assess vascular resistance, its relationship with actual vascular or cerebrovascular resistance is 

variable and influenced by several factors, including cerebral perfusion pressure, heart rate, 

and arterial compliance (41,42). Since the ICA is responsible for supplying blood to the brain, 

it is crucial that blood flow is tightly regulated to ensure optimal cerebral circulation. A 

reduction in pulsatility along the ICA is thought to help buffer the cerebral microvasculature 

from excessive pulse pressures (43,44). In this context, a lower PI may reflect more effective 

dampening of blood flow pulsatility, ensuring protection against potential damage caused by 

high pulsatility and promoting stable, efficient circulation to the brain (43). 

Regarding blood flow dynamics, the ICA exhibits complex hemodynamic flow 

patterns. At the base of the ICA near the carotid sinus, a recirculation zone is formed (Fig. 4) 

(45). Transient flow reversal, involving temporary changes in the direction of blood flow, is 

also observed during systole near the ICA (Fig. 4) (46). Although these flow patterns mentioned 

are considered common in the ICA, over time, these disturbed flow patterns can contribute to 

an increased likelihood of plaque development in this region (45–48).  
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1.1.3 External carotid artery anatomy and blood flow 

The ECA is the second branch that divides from the carotid bifurcation at the level of 

the superior border of the thyroid cartilage (49). It runs superiorly and posteriorly between the 

neck of the mandible and the earlobe to supply blood to the neck, face, scalp, skull, and 

meninges (17,50). The ECA extensively divides into eight main branches: the superior thyroid 

artery, ascending pharyngeal artery, lingual artery, facial artery, occipital artery, posterior 

auricular artery, superficial temporal artery, and maxillary artery (51).  

 

 

A

B

Figure 4: Vector flow images illustrating disturbed flow patterns in 
stenosed ICAs. (A) Short green vectors (*) highlight a large vortex, 
indicating flow recirculation within the enlarged ICA bulb in the presence 
of low-degree stenosis. High-velocity vectors follow the posterior wall 
(black arrow). (B) In moderate ICA stenosis, flow reversal represented as 
red vectors (arrow) move retrograde from the flow separation point (blue 
dot, void arrow). High-velocity forward flow velocities at the stenosis are 
depicted by orange and yellow vectors. Retrieved from Goddi et al (31). 
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                                                                                                                                          (52) 

The ECA holds considerable clinical significance regarding surgical procedures since 

it allows for a bypass between the superficial temporal artery and the middle cerebral artery 

(MCA) outside the skull, creating an alternate route for blood flow to the brain (53). The most 

important features are the anastomoses to the ophthalmic artery around the orbit and nose and 

to the vertebral artery through the superior and inferior thyroid arteries and branches of the 

occipital artery (53). This creates a collateral pathway, particularly critical in emergencies like 

ICA occlusion, guaranteeing continuous blood supply to the brain via interconnected vessels 

in the event of primary artery blockage (53). 

When using Doppler ultrasonography to assess blood velocity in the ECA, the Doppler 

waveform shows a larger difference in the velocity between systolic and diastolic phases 

compared to the ICA (39). Additionally, the ECA displays high pulsatility flow characteristics 

Figure 5: Circulatory pathways of the external carotid artery and its collateral 
vascular connections with the internal carotid system. Retrieved from Miceli et al 
(52). 
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due to the high peripheral resistance of the vascular bed it supplies (54). Flow in the ECA is 

typically laminar; however, flow reversal between the ECA and the ICA, as well as 

recirculation zones, can occur due to the flow-dividing structure of the carotid bifurcation 

(46,55,56). Although the ECA is rarely affected by stenosis (57), inflammation affecting its 

distal branches can be clinically significant. This is particularly evident in conditions such as 

giant cell arteritis (GCA), where the smaller branches of the ECA, such as the superficial 

temporal artery, become prime targets for chronic inflammation (58). GCA is an autoimmune 

disease characterized by the accumulation of granulomas, clusters of immune cells, within 

blood vessels resulting in inflammation (59). Chronic inflammation will damage the vascular 

endothelium producing scar tissue leading to the thickening and narrowing (60). Symptoms of 

GCA include, temporal headaches, and scalp tenderness, however, a common symptom 

experienced by many is jaw claudication (61). Jaw claudication is presumably due to 

inflammation of the ECA branches, the internal maxillary artery, and facial artery, which 

supply blood to the mandibular muscles, along with the temporal artery (62). As a result, blood 

flow in these regions are reduced and lead to pain or fatigue in the mandibular muscles, 

particularly when chewing, and typically resolves when chewing stops (63).  

1.1.4 Carotid bifurcation disturbed blood flow patterns  

Atherosclerosis is primarily initiated by endothelial injury, which triggers a chronic 

inflammatory response characterized by the abnormal deposition and hardening of low-density 

lipoprotein (LDL) cholesterol (64). This endothelial damage leads to the accumulation of 

plaque within the arterial lumen (Fig. 6). As plaque builds up, it perpetuates a cycle of 

inflammation that further injures the endothelium (64). As blood flows through a vessel, it 

exerts a frictional force on the vessel wall known as WSS, a key hemodynamic parameter 

closely associated with the development of atherosclerotic disease (65,66). Plaque progression 
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has been strongly linked to areas exhibiting low and/or oscillatory WSS creating conditions 

conducive to the retention of LDL particles and the infiltration of inflammatory cells (66,67). 

Low WSS is believed to promote intimal plaque accumulation through two key mechanisms. 

First, the reduced shear rates can impair the transport of circulating LDL particles away from 

the vessel wall, leading to increased deposition and retention within the intima (22). Second, 

low WSS may interfere with the adequate turnover of essential substances at the endothelial 

surface, disrupting both the nutrition of the arterial wall and the maintenance of optimal 

endothelial metabolic function (22). This in turn reduces the production of nitric oxide, which 

normally has an atheroprotective effect on endothelium and promotes oxidative stress and 

inflammation (68). 

High WSS is generally considered to protect against atherogenesis, however, it can 

influence the progression of existing plaques by promoting structural changes associated with 

increased vulnerability and a higher risk of rupture (66,69). As plaque accumulates, the vessel 

narrows, or in some cases if the plaque ruptures, leading to stenosis or complete occlusion. As 

a result, cerebral blood flow (CBF) becomes impaired, therefore increasing the risk of 

experiencing an ischemic stroke, with significant risk emerging when stenosis in the ICA 

reaches approximately 50–69%, particularly in symptomatic patients (70) . 

 

 

 

 

 

 

 

                                                                                                                                               (71) 
Figure 6: Carotid artery with atherosclerosis. (A) Healthy carotid artery. (B) Carotid artery with 
accumulation of plaque in the lumen. Adapted from Treat-Jacobson et al (71). 
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Quantitative analyses reveal intimal thickening is most pronounced within the carotid 

sinus, opposite to the flow divider (22). This region exhibits flow patterns characterized by 

separation, vortex formation, decreased velocity, and retrograde flow (22). This environment 

also produces recirculation zones characterized by low and oscillating WSS (68). In regions 

with geometrical irregularities, the disturbed and pulsatile flow leads to the development of 

low WSS conditions (68).  

Additionally, distinct anatomical features of the carotid bifurcation can impact plaque 

formation, such as vessel diameter and area ratios (24). The size of vortices notably increases 

with an increase in the area ratio, defined as the sum of the cross-sectional areas of the daughter 

vessels (ICA and ECA) divided by the cross-sectional area of the parent vessel (CCA) (72). 

Carotid occlusion tends to happen more frequently on the side with the smaller CCA, and 

smaller CCAs tend to produce more stenotic ICAs. One possible explanation for these findings 

is that a smaller CCA results in a larger ICA/CCA area ratio (72). Females tend to have larger 

ICAs compared to males which results in females to have greater outflow to inflow area ratios 

(73). This ratio compares the combined size of the smaller branches of a blood vessel (ICA and 

ECA) to the size of the main vessel from which they branch (CCA) (73). It provides a greater 

understanding of how blood flows through the bifurcation, affecting pulse wave reflection and 

the stress on vessel walls, which can contribute to plaque formation and vascular damage (73). 

A larger ratio allows for uniform blood flow and less reflection of the pulse wave whereas, 

lower ratios can lead to endothelial damage due to increased local stress (73). These differences 

in anatomy and flow patterns may partly explain the observed variations in plaque distribution 

and prevalence between sexes. 

Additionally, females tend to have smaller carotid arteries compared to males, which 

could potentially lead to a higher degree of stenosis (74). However, interestingly, males are 

more prone to developing atherosclerotic plaque formation in the carotid arteries, likely due to 
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physiological differences in arterial remodeling and the influence of sex hormones (74). 

Females seem to have superior arterial remodelling abilities, enabling their arteries to adapt 

more efficiently to blood flow and pressure fluctuations (74). This adaptability may help 

mitigate the risk of plaque formation, even in the presence of smaller vessel diameters. 

Additionally, the protective role of estrogen in females may contribute to the lower incidence 

of carotid plaque formation compared to males (74). 

1.2 Major Intracranial Arteries 

1.2.1 Cerebrovascular Blood Flow and Autoregulation  

Stable blood flow to the brain is essential for maintaining adequate oxygenation and for 

sustaining vital brain function (9). Without adequate CBF, the brain becomes vulnerable to 

ischemic damage (9). To meet this demand, the body employs a tightly regulated physiological 

process known as cerebral autoregulation (CA). CA ensures the ability to regulate CBF via 

changes in cerebrovascular resistance in response to changes in blood pressure (75,76). CA 

consists of both static and dynamic components (Fig. 7); however, rather than being distinct 

physiological entities, these components can be understood as points along a continuum (76). 

Both static and dynamic autoregulation ensure the brain maintains stable CBF despite changes 

in blood pressure, however, the difference lies in the time period (76). Static autoregulation 

measures changes in CBF in response to gradual, sustained shifts in blood pressure, typically 

over longer periods (10 minutes or more) whereas dynamic autoregulation is measured during 

rapid changes in blood pressure (seconds to minutes) (75). The mechanisms of CA are not fully 

understood; however, neurologic, metabolic and myogenic factors contribute to the process (9). 

Myogenic behaviour of cerebral smooth muscle will either constrict or dilate in response to 

increases or decreases in cerebral perfusion pressure to protect the brain (77).  
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The brain exhibits an exceptionally high metabolic rate, placing a critical demand on 

blood supply. The brain receives around 15-20% of the body’s cardiac output (CO), and 

changes in CO can impact CBF (78). Although the mechanism is not entirely understood, it is 

proposed that when CO decreases, the autoregulation curve shows a slight downward shift, 

reflecting a smaller CBF decrease than the reduction in CO (79). Conversely, an increase in 

CO leads to a slight upward shift of the autoregulation curve (79). During exercise, CO and 

mean arterial pressure both increase. Interestingly, vascular resistance in the cerebral 

circulation appears to rise more significantly than in the peripheral vasculature under these 

conditions (80). This differential response may represent a protective mechanism mediated by 

CA, which helps shield the brain from potentially harmful spikes in CO and mean arterial 

pressure that occur during exercise (80). 

Blood to the brain is primarily supplied by the two ICA’s and two vertebral arteries, 

which join to form the circle of Willis (81). This structure provides alternative routes for blood 

flow in the event of a blockage or narrowing of a vessel (82). It helps to protect the brain against 

ischemia and allows blood to circulate through interconnected arteries (82). The ICA branches 

Figure 7: Cerebral autoregulation. Orange circles represent changes in arterial vessel diameter. When 
changes in blood pressure are minimal, CBF is held stable (static). When blood pressure fluctuates, there 
is greater variability in CBF (dynamic). Retrieved from Claassen et al (74). 
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into the ophthalmic, anterior and middle cerebral artery (MCA); however, the MCA is the 

largest terminal branch, providing 80% of blood to the cerebral hemispheres (38,83). The MCA 

is responsible for nourishing the frontal, temporal and parietal lobes of the brain and deeper 

structures, including the caudate, internal capsule and the basal ganglia (84). These regions 

contribute to the primary motor and somatosensory cortical areas of the face, trunk, and upper 

limbs, as well as speech production and comprehension, and writing (84).  

CBF is often estimated by measuring mean blood velocity in the MCA (MCAv) using 

transcranial Doppler ultrasound (TCD) (85,86). TCD cannot directly measure blood flow 

volume since it does not provide MCA vessel diameter, therefore, it must be assumed that the 

MCA diameter is not changing (85,86). Fluctuations in arterial carbon dioxide (CO2) can 

impact MCA diameter (87,88), and changes in velocity should be interpreted with caution when 

CO₂ levels aren’t stable (89). To account for this, capnography can be used to monitor the 

partial pressure of CO₂ in exhaled gases, allowing for the detection of subtle breathing pattern 

changes that may influence arterial CO₂ levels (90). 

Through a precise intervention, it may be possible to redirect a fraction of ICA blood 

flow into the ECA (15). By creating a controlled method to achieve this flow diversion, we can 

explore how such alterations might impact cerebral perfusion to critical brain regions. For 

instance, during intense jaw clenching, the masticatory muscles, which are supplied by 

branches of the ECA, experience increased localized metabolic demands and require enhanced 

blood flow. If a portion of ICA blood is redirected to the ECA to accommodate this localized 

demand, it could potentially alter the perfusion of certain brain areas. This scenario allows for 

the investigation of how changes in blood flow distribution could affect cerebral perfusion, 

shedding light on vascular adaptations that may occur in response to muscular stress. Although 

severe jaw clenching is unlikely to produce systemic changes in CBF, it may still serve as a 
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useful model for examining localized cerebrovascular responses, particularly under conditions 

of acute mechanical stress. 

1.2.2 Importance of the facial arterial network 

ECA blood flow regulation and selective redistribution can influence intracranial 

cerebral hemodynamics. This redistribution mimics the physiological response observed in 

certain thermoregulatory mechanisms, where a greater portion of blood is diverted through the 

ECA to regulate temperature (15). Thermoregulation is governed by the body’s ability to alter 

skin blood flow, either by vasodilation to dissipate heat or by vasoconstriction to minimize heat 

loss (91). The ECA helps manage changes in CBF and safeguards against over- and under-

perfusion (14). During dynamic heavy exercise, a reciprocal relationship between ECA and 

ICA blood flow control becomes apparent. As exercise intensity increases, there is an abrupt 

surge in ECA blood flow, while ICA perfusion paradoxically decreases (15). This 

hemodynamic redistribution appears to be selectively directed towards the face and skin 

vascular beds supplied by the ECA, suggesting a thermoregulatory mechanism to aid heat 

dissipation during high-intensity physical exertion (15). It is important to acknowledge other 

factors such as hyperthermia-induced alterations in CO₂ reactivity, cerebrovascular 

vasoconstriction, and hyperventilation-induced hypocapnia, can also contribute to a decrease 

in CBF (92–96). The dynamic regulation of blood flow through the ECA has also been shown 

to play a role during acute hypotensive events. During a bout of acute hypotension induced by 

thigh-cuff-inflation, both ICA and ECA blood flow decrease; however, in the recovery period 

back to baseline, ICA blood flow rapidly recovers, while ECA blood flow remains depressed 

(17). The prolonged reduction in ECA flow may suggest a dynamic regulation playing a key 

role in CA by redirecting blood to the brain, thereby supporting intracranial oxygenation and 

nutrient delivery (17). 
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While a growing body of research explores the redistribution of blood flow involving 

the ECA, experimental studies that have directly manipulated or modulated ECA blood flow 

control remain scarce. One method shown to modify ECA blood flow is via facial cooling. 

Facial cooling, can elicit a change in ECA blood flow where blood flow is decreased selectively 

for thermoregulatory purposes, and a decrease in ECA blood flow correlates to an increase in 

ICA blood flow (16). Another method that can potentially modify ECA blood flow is jaw 

clenching. The biomechanical action of jaw clenching can either increase resistance to facial 

arteries similar to any muscular contraction or induce a hyperemic effect at the cessation of 

activity; therefore, jaw clenching has the potential to contribute to hemodynamic changes to 

the extracranial vessel network. Jaw clenching involves the vascular components near and 

surrounding the neck and facial region. Previous studies have suggested that jaw clenching 

increases MCAv during jaw clenching (97). In extreme cases, jaw claudication is a severe form 

of jaw clenching and has been linked to severe ECA stenosis, necessitating a more detailed 

characterization of how the facial muscles impact extracranial blood flow control (98). There 

appears to be a very limited amount of research on the impact of jaw clenching on extracranial 

blood flow supply, which may be more relevant for the musculoskeletal etiology of jaw 

diseases.  

It remains unclear whether the facial arterial network downstream of the ECA could 

serve as a viable target for experimental manipulation to control and divert carotid artery blood 

flow. While research has hinted the ECA plays a role in redistributing blood flow away from 

the ICA territory during physiological stresses, the feasibility and implications of actively 

manipulating the facial arteries to modulate this carotid blood flow diversion have not been 

directly addressed. The premise that it may be challenging to experimentally alter carotid blood 

flow due to the brain's protective autoregulatory mechanisms is reasonable based on current 

evidence. However, whether the facial arterial branches supplied by the ECA represent a valid 
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experimental approach to overcome this challenge and control carotid flow diversion remains 

an open question. While current research provides valuable insights into the ECA's role in 

redistributing carotid blood flow, it does not directly address whether the facial arterial network 

could be used as an experimental tool to control and divert carotid artery perfusion. This 

represents an area where further research is needed to determine its feasibility and potential 

implications for understanding cerebral hemodynamics and to better understand the 

consequences jaw clenching has on local blood flow control. 

1.3 Current ultrasound methods to measure complex blood flow 

Traditional Doppler ultrasound techniques are valuable for quantifying hemodynamic 

conditions and assessing peripheral arterial velocity, and flow volume (99). However, these 

techniques have limitations related to angle dependency and depth constraints, which hinder 

their ability to precisely depict and quantify intricate arterial hemodynamic patterns particularly 

in complex vascular regions like the carotid bifurcation (99). For instance, single-angle 

Doppler can only determine the direction of blood flow relative to the probe, which becomes 

problematic in areas where blood flows in multiple directions. To address these limitations, a 

novel vector flow imaging (VFI) technique has been developed, offering a more precise 

solution for visualizing and quantifying complex hemodynamic patterns (7).  

VFI is an angle-independent ultrasound approach that enables the measurement and 

visualization of multidirectional blood flow velocities (31). It employs advanced techniques 

like transverse oscillation and high-frame-rate plane wave imaging to obtain flow vector 

information at higher frame rates, enabling a better depiction of complex flow dynamics (31). 

VFI can be used to assess hemodynamic alterations associated with carotid stenosis resulting 

from atherosclerosis by allowing the measurement of WSS and the identification of regions 

exhibiting turbulence and recirculation (31,100). Each individual vector in a VFI frame 
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represents directionality and absolute velocity values at a specific location (7). However, the 

interpretation of the VFI scan is far more detailed and comprehensive than that of Doppler-

based techniques. Visually, the length of the arrows is directly proportional to the flow speed, 

with longer arrows corresponding to faster blood flow (Fig. 8) (31). The ability of VFI to 

provide an angle-independent, high-frame rate visualization and quantification of complex 

flow patterns has significant implications for diagnosing and monitoring vascular diseases. VFI 

captures full-field data, offering a comprehensive view of blood flow across an entire region. 

This capability enables the identification of complex flow patterns that are often indicative of 

pathological conditions, allowing clinicians to detect abnormalities that may not be visible with 

traditional imaging techniques (101). Additionally, VFI facilitates fine detail measurements 

within a single cardiac cycle, enhancing the precision of hemodynamic assessments (101).  

 

 

 

 

 

 

 

 

 

 

 

As previously mentioned, a common site for the development of atherosclerotic plaques 

is the carotid bifurcation due to its unique geometry and complex flow patterns (22,64). VFI is 

particularly well-suited for assessing blood flow dynamics at the carotid bifurcation. By 

Figure 8: Vector flow image scan of the carotid bifurcation in a 23-yr-old 
male. Colour-coded arrows indicate the flow dynamics in different regions: 
red arrows point to areas of high blood flow velocity, yellow and orange 
arrows indicate regions of moderate flow, and green arrows represent areas 
with low flow. Retrieved from Au et al (117). 
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employing angle-independent methods, VFI can accurately measure and visualize blood flow 

velocities in all directions, overcoming the limitations of conventional Doppler ultrasound 

techniques (31). This capability is invaluable at bifurcations, where abrupt changes in vessel 

geometry and flow impingement give rise to complex, multidirectional, and turbulent flow 

patterns (31). Furthermore, VFI provides a more robust and intuitive visual representation of 

these intricate flow dynamics by displaying velocity vectors, streamline distribution, and 

vorticity distribution (31). In patients with carotid stenosis, the general pattern observed in VFI 

shows elongated velocity vectors. These vectors indicate that blood flow is accelerating as it 

passes through the narrowed lumen of the artery. The elongated nature of the vectors reflects 

the increased velocity of blood as it navigates through the constricted area, which is a common 

hemodynamic response to stenosis (31). Conversely, the velocity vectors are shorter in regions 

characterized by complex flow patterns, such as recirculation zones or areas of flow separation, 

indicating lower flow velocities and disturbed flow dynamics. These complex patterns suggest 

that blood flow is rarely smooth and laminar (31). 
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2.0 Study rationale 

Experimentally altering carotid blood flow can be challenging since the brain's 

protective autoregulatory mechanisms take priority to ensure that sufficient blood is delivered 

to the brain. This makes it difficult to achieve or sustain desired changes in carotid blood flow, 

as the brain's need for stable blood flow overrides experimental manipulations. However, 

whether the facial arterial branches supplied by the ECA could provide a viable experimental 

approach to overcome this challenge and effectively control carotid flow diversion remains 

unclear. While previous research has attempted to influence ECA flow through indirect stimuli 

such as whole-body exercise and facial cooling, they do not directly address the potential of 

the facial arterial network as a tool for controlling carotid artery perfusion. The direct 

experimental manipulation of ECA flow has rarely been tested and it remains unclear how the 

carotid arteries reallocate flow in response to changing demands in the facial vasculature. 

My research focuses on investigating how voluntary jaw clenching influences blood 

flow in both extracranial and intracranial vessels, with a particular focus on the carotid 

bifurcation. By examining changes in blood flow through the CCA, ICA, ECA, and carotid 

bifurcation, this work aims to understand how localized muscular activity in the facial region 

alters vascular dynamics.  

By examining these effects, we aim to develop a method for predictably altering blood 

flow in the CCA, its branches, the ICA, the ECA, and the carotid bifurcation. Specifically, I 

seek to understand how blood flow patterns at the carotid bifurcation are modulated in vivo 

through selective changes in extracranial resistance, induced by voluntary jaw clenching. This 

approach offers a novel framework for studying extracranial and intracranial blood flow 

redistribution, with potential clinical relevance for understanding vascular adaptations 

associated with chronic jaw clenching behaviors in the dental field. 
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3.0 Research Questions and Hypotheses  

Research questions 

1. How does jaw clenching impact extracranial blood flow as measured at the ECA?  

2. How does jaw clenching impact intracranial blood flow as measured at the ICA and the 

MCA?  

3. How do blood flow patterns at the carotid bifurcation change as a function of flow 

diversions between the ICA and ECA? 

Hypotheses 

1. Jaw clenching will increase blood flow to the ECA leading to a redistribution of blood 

flow away from the ICA. 

2. Jaw clenching will decrease intracranial blood flow as measured by ICA blood flow 

and MCAv, diverting more blood into extracranial pathways. 

3. Jaw clenching will increase blood velocity and will result in greater disturbed blood 

flow as indicated by a decrease in the vector concentration coefficient measured with 

VFI. 
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4.0 Methods 

4.1 Ethics 

This study was reviewed and received ethics clearance through the University of Waterloo 

Research Ethics Committee (ORE # 45787). The research methods and protocols adhere to the 

recommendations outlined by the Declaration of Helsinki concerned with the use of human 

participants and this study was preregistered prior to beginning data collection in Open Science 

Framework (DOI 10.17605/OSF.IO/2VRS7). 

4.2 Participants 

Twenty-six healthy adults (age 19-32 years; 15 female) provided written consent and 

participated in this study. Prior to arrival, participants were asked to avoid strenuous exercise 

and alcohol for 12h, caffeine for 4h, and large meals for 3h before the testing session. All 

participants reported no documented history of musculoskeletal or cardiovascular disease or 

known medical conditions that would impact the health of the cardiovascular system. Exclusion 

criteria included current smokers, self-reported history of cardiovascular disease, respiratory 

disease, kidney disease, cerebrovascular disease, diabetes, musculoskeletal disorders; current 

medical prescriptions that impact the cardiovascular system or receipt of vaccine within 14 

days prior to study start date; active pregnancy or pregnancy in the last 12 months, amenorrhea 

(absence of menstruation), or menopause. Individuals with known or expected bruxism and 

individuals who use nightguards were excluded from the study. Individuals with dental-related 

disorders such as chipped, cracked, loose, or missing teeth, periodontal disease, gingivitis, 

temporomandibular joint disorder, prior jaw injury, and tooth sensitivity that would prevent 

maximal jaw clenching activity were also excluded from the study. Lastly, those who were 

allergic to ethanol and silicone were excluded. Given the lack of research in this area, we did 

not have adequate information to power a sex-differences analysis.   
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4.3 Sample size calculation  

A reasonable target effect size was determined for the isometric and dynamic jaw clenching 

conditions using G*Power (V.3.1; (102)). Multiple within-subject, paired Student’s t-tests were 

employed to estimate the required sample size. Previous literature reporting ICA and ECA 

blood flow responses similar to our study’s physiological conditions were selected to use as 

values for G*Power calculations. Data were extracted either directly from tables or, from 

figures using WebPlotDigitizer (103). Specifically, baseline ICA and ECA blood flow data 

were retrieved from Nakata et al (104). ICA blood flow for the isometric condition was 

determined by assuming an increase in MCAv is proportional to an increase in ICA blood flow 

since the ICA supplies blood flow to the MCA (97). ECA blood flow for the isometric condition 

was obtained from cardiovascular and cerebrovascular variables during isometric one-leg knee 

extensions (105). Lastly, for expected ICA and ECA blood flow changes during the dynamic 

condition, data was obtained during gum chewing tasks since chewing is a similar rhythm to 

dynamic jaw clenching (106). These values were then used to calculate Cohen’s d effect sizes 

in G*Power for each comparison. ICA and ECA blood flow outcomes were analyzed separately 

for each protocol (isometric and dynamic jaw clenching), resulting in four distinct within-

subject comparisons. The effect sizes were then used to estimate the sample size required for 

each outcome. The largest calculated sample size across these four outcomes was chosen to 

ensure sufficient statistical power across all primary analyses. A priori power analyses used an 

alpha level of 0.05, statistical power of 0.80, and an assumed correlation of 0.5 between 

repeated measures. 

 For the ECA, the calculated effect size for the comparison between baseline and 

isometric jaw clenching was d = 0.65, corresponding to a required sample size of n = 21 (Fig. 

9), and the baseline to dynamic jaw clenching comparison yielded a very large effect size (d = 
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4.41), requiring only n = 3. For the ICA, the effect size for baseline versus isometric jaw 

clenching was d = 0.79 (n = 15), and for dynamic jaw clenching, d = 5.26 (n = 3). 

 The largest sample size required among all conditions (n = 21) was chosen to detect 

meaningful effects with high statistical power. This number was chosen to balance the need for 

statistical rigour with practical considerations, such as participant availability; however, due to 

the potential for data loss (e.g., incomplete datasets, participant drop-out, or technical issues), 

we increased the sample size by 20% then rounded up to the nearest even number to ensure an 

equal distribution between males and females. Therefore, 26 participants (15 females) were 

included in the study. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9: G*Power analysis output for a paired Student’s t-test comparing ECA blood flow at baseline (Mean 
group 1) vs during isometric jaw clenching (Mean group 2). 
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4.4 Study Design  

This study involved one 2 hr visit where participants performed a series of isometric and 

dynamic jaw clenching exercises, as well as a facial cooling intervention designed to elicit a 

non-metabolic vasoconstrictive response in the facial vasculature (Fig. 10). The position and 

posture of the participant can impact carotid and cerebral hemodynamics (107–109); therefore, 

we chose to have participants lay in the supine position for the entirety of the visit, with their 

head slightly tilted away from the sonographer. The supine position minimizes gravitational 

effects, while also providing optimal probe control for consistent, high-quality imaging of the 

right carotid artery. Upon arrival, participants were first required to perform a maximal 

intercuspal tooth clenching exercise characterized by the upper and lower teeth making full 

contact. Participants maximally bit on a mouthpiece connected to a bite force transducer that 

measures the overall occlusal force in Newtons (N), to determine their maximum voluntary jaw 

clenching force (MVJC). Each clenching effort was performed at least 3 times (3 seconds each) 

with 30-second breaks between each measurement and were then averaged to determine an 

average MVJC. Upon completing the MVJC, the participant was given a 5-minute resting 

period to ensure proper rest and recovery of blood flow and pressure. The experimental setup 

is illustrated in Figure 11. 

Once the 5-minute recovery period concluded, the participant began a randomized 

protocol, starting either with isometric jaw clenching, dynamic jaw clenching, or facial cooling. 

The order of conditions was predetermined using a Williams Square Design to control for 

potential order and carry over effects. For the isometric condition, participants clenched their 

jaw at 25% of their MVJC and remained clenching for 60 seconds. Previous studies have 

reported a contraction force of 25% induces a hemodynamic response in the masseter muscle 

resulting in a large post contraction hyperemic response (110,111). This clench was performed 

four times since ultrasound images of the CCA, ICA, ECA, and carotid bifurcation were 
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recorded separately. A 5-minute resting period was given between each clenching effort. The 

dynamic condition required participants to perform an intermittent jaw clenching exercise, 

where the participant clenched their jaw at 70% of their MVJC for 3 seconds (ON) and then 

relaxed for 3 seconds (OFF). A 70% contraction force was selected to reflect a realistic and 

clinically relevant level of clenching typically experienced by patients with temporomandibular 

disorders (112). To ensure accurate timing of the clenches, a metronome was set to 3-second 

intervals, and participants were instructed to alternate between clenching and relaxing in 

response to each signal (113). This cycle was repeated continuously for a total of 60 seconds. 

Once again, this was performed four times, with a 5-minute resting period given between each 

clenching effort. During all resting periods, the mouthpiece was removed from the mouth.  

The third aspect of the visit involved the application of a full-coverage facial cooling 

mask, omitting the ocular and oral areas. Cooling the face has shown to effectively reduce 

blood flow while minimizing the risk of excessive tissue hypoxia (114). The mask was cooled 

to 0.9 ± 1 °C and placed on the face. Participants were instructed to relax their facial muscles 

and refrain from jaw clenching. Ultrasound scanning began after the initial 5-minute cooling 

phase. The temperature of the face and mask were recorded approximately every minute until 

the scanning was complete, with the mask remaining in place throughout the protocol. When 

switching between each protocol, a 5-minute resting period was given. This allowed for 

physiological measures like heart rate and blood flow to return to baseline levels and provided 

the jaw muscles time to relax, preventing fatigue that may impact the following exercise 

protocol.  
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Figure 10: Timeline of study protocol. Participants were asked to avoid strenuous exercise and alcohol for 12h, no caffeine for 4h, 
and no large meals for 3h before each testing session. protocol. Continuous ultrasound recorded throughout clenching. 

Figure 11: Participant experimental setup. Transcranial Doppler ultrasound probe was secured in place with a 
headpiece at the right middle cerebral artery.  Electrodes were placed over the left and right masseter muscles to 
detect masseter muscle activity. The ultrasound probe was positioned on the right common carotid artery, and a 
bite force transducer was mounted above and in front of the participant’s head to measure bite force. 
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4.5 Experimental measures 

4.5.1 Data Acquisition 
Central hemodynamics 

A brachial blood pressure cuff was placed on the participants left arm to obtain duplicate blood 

pressure measurements at the beginning and end of each protocol, using an oscillometric device 

(CARESCAPE V100 Vital Signs Monitor, GE Medical Systems Information Technologies, 

Inc.). For the jaw clenching protocols, blood pressure was measured at the end of the fourth 

and final clench. A 3-lead electrocardiogram in lead II configuration was used continuously to 

capture timing and number of beats, time-aligned with ultrasound data. 

Jaw clench 

A commercial bite force transducer (Innobyte, Kube Innovation Inc., Montreal, QC) with a 

bilateral plastic mouthpiece attachment (INNOMP03) was used throughout the jaw clenching 

protocol to display real-time bite force results in Newtons (N). The mouthpiece provides 

accurate force readings within a 5% range across 0 to 2000 N (115). When participants bit 

down, the device displayed the total maximum bite force on the top row of the screen, while 

the left and right-side bite forces (relative to the mouthpiece) appeared on the bottom row. The 

device was positioned just above the participant’s head at a comfortable height. For each jaw 

clenching effort, the mouthpiece was placed in the participant’s mouth so that the upper molars 

aligned snugly with the cheek guards. During each resting period, the mouthpiece was 

removed. During both isometric and dynamic conditions, an assistant held down the capacitive 

sensing button on the device to provide live feedback, helping the participant maintain their 

target jaw clenching force. To ensure proper sanitation, a new disposable polyethylene cover 

was placed over the mouthpiece before each use. At the end of the jaw clenching protocol, the 

cover was removed and discarded, and the mouthpiece was thoroughly disinfected with a 

disinfectant wipe (CaviWipes, Metrex Research LLC, Romulus, MI, USA). 
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Electromyography 

 Electromyography (EMG) is a reliable tool used to indirectly estimate bite force. EMG is able 

to capture the electrical activity associated with jaw movements and allows for the assessment 

of muscular activity during various jaw clenching tasks (116). Therefore, EMG was used to 

evaluate muscle activation of the right and left superficial masseter muscles continuously 

throughout isometric and dynamic jaw clenching protocols. Self-adhesive surface electrodes 

(Kendall 130 Foam Electrodes, Cardinal Health, Dublin, OH, USA) were placed on the 

masseter muscles, anterosuperior to the angle of the mandible. Electrodes were connected using 

a three-surface lead (two recording electrodes and one reference) on the participant's left side, 

and a two-surface lead (two recording electrodes) on the right side, linked to the reference via 

a daisy-chain connection. To ensure proper placement of the electrodes, the participant was 

instructed to clench their jaw, and the investigator palpated the masseter muscle region with 

their fingers, located at the angle of the mandible, to confirm muscle activation and location 

(117). A reference electrode was then placed on the participants clavicle to serve as a common 

ground for the EMG recordings. EMG recordings were acquired using a four-channel 

preamplifier (ISO-4 Isolation Preamplifier, CWE, Inc. Ardmore, PA 19003, USA) and a four-

channel electromyograph (BMA-400 AC/DC Bioamplifier, CWE, Inc. Ardmore, PA 19003, 

USA). Continuous data was sent to an acquisition device (PowerLab 8SP; AD Instruments Inc, 

Colorado Springs, CO) and commercial software (LabChart v7; AD Instruments Inc). Raw 

signals were amplified using a gain of 2000, and signals were band-pass filtered between 20-

500 Hz. 

Conventional Doppler Ultrasound 

 Ultrasound imaging was performed on the right CCA 2 cm proximal to the carotid bifurcation, 

while ICA and ECA scanning was done 1 cm distal to the carotid bifurcation to avoid complex 

blood flow patterns within the carotid sinus itself. Images were obtained using a standard 
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commercially available ultrasound unit with a 9L linear array probe (Vivid S70N; GE Medical 

Systems, Milwaukee, WI, USA). A 30s baseline blood velocity was recorded for each artery 

(CCA, ICA, ECA) prior to the initiation of the isometric, dynamic, and facial cooling protocols. 

Continuous blood velocity and arterial diameter measurements in duplex mode were then 

obtained during each jaw clenching effort and for 30s immediately following the cessation of 

jaw clenching. For the facial cooling protocol, measurements were recorded prior to face mask 

application and during the cooling stimulus. During the cooling phase, blood velocity and 

arterial diameter were measured with the mask in place at approximately 5 minutes into the 

protocol, with 30s recordings obtained for each arterial component. Since each artery was 

imaged separately, the imaging protocol was repeated three times per participant to capture the 

hemodynamic response at each location (CCA, ICA, and ECA). The Doppler sampling gate 

was adjusted to match the width of the vessel lumen by placing the calipers at the vessel walls 

to ensure accurate capture of blood velocity. Pulsed wave Doppler was angled parallel to the 

direction of blood flow, and the angle of insonation was consistently set to 60°. Artery depth 

ranged from 1–3 cm, and images were acquired at a frame rate of 9 frames per second. 

Vector Flow Imaging 

VFI was used to assess disturbances in blood flow patterns and to quantify flow uniformity via 

the vector concentration coefficient (VCC; (118,119)). The carotid bifurcation was imaged in 

the longitudinal plane using a 13-3 MHz linear array probe (Esaote SL1543) with a 4.3 cm 

width and interfaced with an open-platform ultrasound machine (US4r ultrasound, US4US, 

Warsaw, Poland; (119,120)). The bifurcation was positioned toward the left side of the screen 

to optimally visualize the CCA, carotid sinus, ICA, and ECA within a single window. If this 

was not feasible, the imaging plane was adjusted to ensure imaging of the CCA, ICA, and the 

carotid sinus. A custom vector Doppler sequence consisting of two transmit angles (10° and –

10°) and three receive angles (10°, 0°, –10°) was used to estimate multi-angle blood velocity 
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vectors (119,121). Data were captured over ~4s intervals at an imaging depth of 4 cm and 

processed using previously established methods (118,119,122).  Processing the data produced 

VFI estimates for production of vector projectile images (123) and VCC estimates which were 

used to assess flow uniformity within a selected region over time (124). VCC is calculated by 

first determining the flow angle (θ) of each velocity vector in the 2D field using the arctangent 

of its horizontal (vx) and vertical (vz) components (124). Each angle is then mapped onto the 

unit circle using x = cos(θ) and y = sin(θ) (124). The average of these x and y components is 

computed across all vectors, and the magnitude of the resulting mean vector gives the VCC 

(124). A VCC of 1 means that all flow vectors in the selected region of interest are aligned in 

the same direction (uniform), while a value of 0 reflects fully dispersed vectors and/or potential 

signal dropout from low flow velocities (119). The region of interest for the VCC was manually 

defined starting at the vertical point where the carotid bifurcation began (point where flow 

divider exists) and as far upstream as the image allowed (maximum 4.3 cm) tracing the carotid 

bifurcation. Data are presented as the time-averaged VCC value across three cardiac cycles. 

Middle cerebral artery blood velocity 

MCAv was continuously measured using TCD ultrasound (Doppler-Box™ e, Rev 4, 

Compumedics DWL, Singen, Germany) connected via Ethernet to a Windows-based computer 

running QL Monitoring Software (Compumedics DWL). A 2-MHz Doppler probe was 

positioned at the right temporal acoustic window to insonate the MCA. The MCA was initially 

located manually by the sonographer, and then the probe was secured using an adjustable 

headframe to maintain consistent insonation throughout the protocol. Micro adjustments were 

made as needed to optimize signal quality. The insonation depth was set between 40–60 mm 

with blood flow directed towards the probe (125) indicated by a bright, high-intensity red signal 

on the Doppler M-mode display. If the MCA was not successfully identified within the initial 

10 minutes of setup, repeated attempts were made to locate the signal during resting periods 
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throughout the protocol to ensure data inclusion. Participants were instructed to minimize head 

movement during the protocol to maintain signal quality. If the probe was displaced, small 

micro adjustments were made during rest periods to re-acquire the MCA signal. Continuous 

data were recorded during baseline, jaw clenching efforts and facial cooling using an 

acquisition device (PowerLab 8SP; AD Instruments Inc, Colorado Springs, CO) and 

commercial software (LabChart v7; AD Instruments Inc). Due to limitations in available 

equipment, we were not able to measure end-tidal CO2 using a capnograph. As a result, the 

analysis of this data will rely on existing literature to provide a robust theoretical framework 

and support the interpretation of our findings (97). 

Facial Cooling  

A full-coverage facial cooling mask omitting the ocular and oral areas was placed on the 

participant's face for no more than approximately 10 minutes. The mask was cooled in the 

fridge to 0.9 ± 1 °C and remained on the face for 10 minutes. The temperature of the facial skin 

was monitored using a temperature sensor (A Model 46 TUC Tele-thermometer, Yellow 

Springs, Ohio) where the probe was placed on the cheek to send continuous data to an 

acquisition device (PowerLab 8SP; AD Instruments Inc, Colorado Springs, CO) and 

commercial software (LabChart v7; AD Instruments Inc). The temperature of the mask was 

monitored every minute using a handheld infrared thermometer (SOVARCATE, Zhongshan, 

Guangdong, CN; temperature range: -50°C to 600°C; accuracy: ±2%). 

4.5.2 Data Processing 
Carotid artery blood flow  

Arterial diameter for the CCA, ICA, and ECA along with blood velocity were analyzed from 

the stored cine loops retrieved from the conventional Doppler ultrasound. Due to incomplete 

data, n = 2 participants were excluded in the blood flow analysis. The diameter for each artery 



34 
 

was measured in triplicate at end-diastole using digital calipers to identify the interface between 

the intima and lumen. For the isometric condition, diameters were measured during baseline, 

mid-way (30s) through the clenching period, and during the post clenching period. For the 

dynamic condition, diameters were measured during baseline, during the ON and OFF 

clenching phases, and during the post clenching period. Lastly, diameters for the facial cooling 

condition were measured during baseline and during cooling after participants had worn the 

facial cooling mask for a minimum of 5 minutes. For each arterial diameter measured, a mean 

value of the triplicate measurements was recorded. Blood velocity was measured using an 

open-access MATLAB program (FloWave.US (126)), which calculates the mean blood 

velocity as the intensity-weighted average of the Doppler signal for each cardiac cycle (Fig. 

12). Blood flow was then calculated as (127):  

 

Blood flow (mL/min) = (π · (radius)2)· mean blood velocity · 60 

Equation 1: Blood flow 

 
Blood flow data was analyzed for each condition (baseline, clenching, post clench) separately, 

resulting in one measurement per artery per timepoint. Post-clench blood flow was calculated 

as the first 30-seconds after the cessation of clenching, reflecting both the hyperemic peak and 

subsequent elevation in blood flow. For the dynamic jaw clenching protocol, an additional step 

was taken to isolate and analyze blood flow during individual muscle contraction (ON) and 

relaxation (OFF) phases. In this case, each ON/OFF phase was treated as a distinct condition, 

allowing for the evaluation of intra-trial changes in flow across the dynamic task. Additionally, 

the PI was also calculated using the following equation for each artery and condition:  
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Pulsatility Index = !"#	(&'("))+!,)	(&'("))
!(")(&'("))

 

Equation 2: Pulsatility index 

 
Where Max (Vmean) represents the systolic mean velocity, Min (Vmean) represents the 

diastolic mean velocity, and Mean (Vmean) represents the average velocity across the cardiac 

cycle (128).  
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Figure 12: Raw mean blood velocity (MBV, cm/s) tracings from a 27-yr-old male during isometric (pink) and 
dynamic (purple) jaw clenching exercises. Data is shown for three arteries: CCA, ICA, and ECA For each 
artery, baseline, jaw clenching and post clenching data is plotted sequentially. Black line represents baseline 
MBV. 
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Middle Cerebral Artery Velocity 

TCD data was continuously recorded at the right MCA and mean velocity signal (outer 

envelope) data were extracted from LabChart for average maximum and minimum cyclic 

values, as well as the mean MCAv for each condition and timepoint (Fig. 13). It is important 

to note that MCAv was derived from the outer envelope of the Doppler waveform, whereas 

ICAv was calculated as the intensity-weighted mean velocity. Therefore, differences in 

observed responses between MCAv and ICA blood flow should be interpreted with these 

methodological distinctions in mind. Various timepoints were extracted: baseline (30s prior to 

clenching or before applying the facial cooling mask), during each clenching effort or cooling 

phase, and 30s post-clenching. For the isometric jaw clenching protocol, data were extracted 

for the full clenching period, the first 10s, the last 10s. In the dynamic protocol, TCD data from 

all 11 clench efforts during the ON phase and all 10 rest periods during the OFF phase were 

extracted and averaged to generate representative ON and OFF values which was a similar 

approach used for blood flow analysis. Lastly, facial cooling data were extracted for 30s 

segments while the cooling mask was on the participants face.  

Due to data dropout, n = 7 participants were excluded from this part of the analysis. 

Since each carotid artery component was imaged separately, jaw clenching efforts were 

repeated across four trials. However, only the first three trials were included in the TCD 

analysis, since the fourth clench focused on imaging the carotid bifurcation for VFI analysis, 

producing lesser quality TCD data. 

Additionally, the Resistance Index (RI) was calculated as: 

Resistance Index = -.&+/0&
-.&

 

Equation 3: Resistance index 
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 ,where PSV and EDV represent the peak systolic velocity and end diastolic velocity 

respectively (129). To generate a singular representative value for each condition, all outcome 

measures, including mean velocity and RI, were averaged across the three trials (CCA, ICA, 

ECA). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Masseter Muscle EMG Activity 

EMG activity was continuously recorded from the left and right masseter muscles throughout 

both isometric and dynamic jaw clenching protocols (Fig. 13). During each protocol, clenching 

efforts were repeated across four trials, since components of the carotid artery (CCA, ICA, 

ECA, and carotid bifurcation) were imaged separately. Although four clenching phases were 

performed per condition, only the first three were included in the EMG analysis since these 

clenches involved scanning each carotid artery component. The fourth clench was strictly 

associated with carotid bifurcation imaging using VFI and was therefore excluded from 

Figure 13: Raw tracings of right middle cerebral artery velocity and right masseter electromyography from a 24-yr-old male during 
isometric and dynamic jaw clenching. 
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masseter muscle activity analysis.  The root mean square (RMS) is a measure based on the 

amplitude of the EMG signal, designed to quantify both the intensity and duration of muscle 

activation (130,131). Raw RMS values were exported from LabChart and organized in Excel 

for analysis. Due to poor EMG signal quality, n = 4 participants were excluded. For each 

participant, the average of the maximal RMS values from repeated MVJC efforts was 

determined.  

For the isometric condition, raw RMS EMG data was extracted for the full 60-second 

clench, the first 10s, and the final 10s. For the dynamic condition, raw RMS EMG data for the 

first and last three clenches of each trial were averaged to represent the start and end phases, 

respectively. Masseter muscle activation was expressed as a percentage of RMS achieved 

during each participant’s MVJC. For isometric jaw clenching, masseter muscle activation was 

based on the average RMS during the final 10s of the 60s clench. For dynamic jaw clenching, 

this value was calculated using the average RMS from the final three clenches. This calculation 

was done separately for each artery trial (CCA, ICA, ECA) and for both the left and right sides, 

then averaged to yield a single masseter muscle activation value per participant per condition. 

These values represent the relative activation level of the masseter muscle during each task, 

normalized to the participant’s MVJC. Additionally, the fatigue index (FI) for each trial (side 

× artery) was calculated as: 

 

Fatigue Index (%) = 1),2,"3	43()45+6,)"3	43()45
1),2,"3	43()45

 x 100 

Equation 4: Fatigue index 

 
Where initial clench and final clench refer to the raw RMS values at the beginning and end of 

each clenching trial (132). For the isometric jaw clenching, beginning and end were defined as 

the mean RMS during the first and last 10 seconds, respectively. For the dynamic jaw 
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clenching, beginning and end were defined as the average RMS across the first and last three 

clench repetitions. FI values were then averaged across arteries (CCA, ICA, ECA) and sides 

(left, right) to yield a mean FI per participant, per condition. 

4.6 Statistical analysis 

All quantitative analyses and graphing were performed in R (v4.4) (133). Blood flow and PI 

data were assessed using one-way repeated measures ANOVAs, with separate ANOVAs 

conducted for each artery (CCA, ICA, and ECA) and using timepoint as the within-subject 

factor (baseline, during clench, post clench). Additionally, MCAv, and RI data were assessed 

using one-way repeated measures ANOVAs, with separate ANOVAs conducted for each 

condition (isometric, dynamic, facial cooling) and using timepoint as the within-subject factor 

(baseline, during clench, post clench). A significance level of α = 0.05 was applied for all 

statistical tests. Significant main effects were evaluated with post hoc pairwise comparisons 

using paired Student’s t-tests with Holm’s correction to identify specific differences between 

conditions. Specifically for the dynamic jaw clenching condition, since there were various ON 

and OFF phases, we averaged blood flow data across all ON and all OFF periods to generate 

summary values per subject. These were then analyzed using one-way repeated measures 

ANOVA with timepoint defined as: baseline, ON, OFF, and post clench, and then evaluated 

with post hoc pairwise comparisons using paired Student’s t-tests with Holm’s correction. For 

the facial cooling condition, blood flow, PI, MCAv, and RI were assessed using paired 

Student’s t-tests for each artery to compare values between baseline and during facial cooling. 

Additionally, VFI outcomes were assessed solely for the voluntary jaw clenching conditions 

using paired Student’s t-tests to compare values between baseline and post clenching for 

isometric and dynamic conditions.  
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As an exploratory analysis, paired Student’s t-tests were conducted to compare which 

jaw clenching protocol elicited a greater increase in blood flow and to further examine 

redistribution specifically during the clenching phase. Additionally, a two-way repeated-

measures ANOVA examined the effects of condition (isometric, dynamic) and timepoint 

(baseline, during clench, post clench) on percent blood flow distribution metrics (%ECA, 

%ICA, and ECA/ICA ratio) for the jaw clenching protocols. Significant main effects were then 

evaluated with post hoc pairwise comparisons using paired Student’s t-tests with Holm’s 

correction. Percent blood flow distribution metrics were calculated using the CCA blood flow 

measured during ultrasound imaging (Table. 3). These values were calculated as: %ECA = 

ECA/CCA, %ICA = ICA/CCA. It is important to note that CCA, ICA, and ECA flow values 

were not captured simultaneously during ultrasound imaging. This study acknowledges 

potential physiological variability between sequentially acquired CCA, ICA, and ECA flow 

measurements due to factors like heart rate and blood pressure changes. To quantify this, 

measured CCA blood flow was compared to estimated CCA blood flow (calculated as the sum 

of ICA and ECA flow), which resulted in a mean percent error of 5.03% ± 19.3%, suggesting 

that variability was relatively small under the conditions of this study. Significant main effects 

were then evaluated with post hoc pairwise comparisons using paired Student’s t-tests with 

Holm’s correction.  

To investigate the potential relationship between masseter muscle fatigue, masseter 

muscle activation, and extracranial blood flow redistribution, Pearson correlation analyses 

were conducted to examine the relationships between the FI and masseter muscle activation 

with vascular redistribution metrics, including %ECA, %ICA, ECA/ICA ratio and absolute 

ECA blood flow during jaw clenching exercises. These analyses were performed separately for 

the isometric and dynamic jaw clenching conditions. To compare masseter muscle activation 

between jaw clenching conditions, a paired Student’s t-test was conducted on the final percent 
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muscle activation values. Similarly, to assess fatigue, paired Student’s t-tests were used to 

compare FI values between isometric and dynamic conditions across participants. 
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5.0 Results 

5.1 Participant Characteristics 

All participants successfully completed the protocol and adhered to the study requirements. 

Table 1 represents the participant characteristics for all who participated. Due to data dropout, 

participants were excluded from the varying components: blood flow: n = 2; TCD: n = 7; EMG: 

n = 4; VFI: n = 2.    

 

Table 1: Participant characteristics 

 
Variable Male Female Total 

N 11 15 26 

Age (yrs) 25 ± 4 22 ± 2 24 ± 4 

Height (cm) 180 ± 8 167 ± 10 172 ± 11 

Body mass (kg) 81 ± 11 63 ± 11 71 ± 14 

BMI (kg · m-2) 25.03 ± 3.01 22.5 ± 2.5 23.6 ± 2.9 

MVJC (N) 813 ± 141 666 ± 119 734 ± 147 

25% MVJC (N) 203 ± 35 167 ± 30 184 ± 37 

70% MVJC (N) 569 ± 99 467 ± 83 514 ± 103 

Data represented as means±SD. BMI, body mass index. MVJC, maximum voluntary jaw 

clench. 
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Table 2: Temperatures recorded during the facial cooling protocol. 

 
Measurement Pre-cooling temp 

(°C) 
Temp at 5 mins (°C) Post-cooling temp 

(°C) 

Face 30.1 ± 2.0 23.5 ± 1.9 24.1 ± 1.6 

Facial cooling mask 0.9 ± 1 8.9 ± 2.4 13.0 ± 3.5 

Data represented as means±SD. Temp, temperature. The temperature of the facial skin was 

monitored continuously using a temperature sensor probe placed on the participants check, and 

the temperature of the mask was monitored every minute using a handheld infrared 

thermometer. 

5.2 Carotid artery blood flow  

During the isometric jaw clenching condition, CCA and ECA blood flow increased from 

baseline during both clenching and post clench phases (p < 0.05; Fig. 14A). ICA blood flow 

did not change during isometric jaw clenching (p = 0.14; Fig. 14A). The PI decreased for both 

the CCA and ECA during jaw clenching and post clench phases when compared to baseline 

(all p < 0.05; Fig. 15A) as well as decreased from clench to post clench (p < 0.05). In contrast, 

the ICA showed no change in PI throughout the isometric protocol (p = 0.13; Fig. 15A).  

During the dynamic jaw clenching protocol, the average blood flow across all ON and 

OFF phases was analyzed. During both the ON and OFF phases, CCA and ECA blood flow 

increased, which remained elevated post clenching effort (p < 0.05; Fig. 14B) where blood 

flow was the greatest during the OFF phase compared to the ON phase (p < 0.05). Lastly, ICA 

blood flow increased post clenching compared to the clench phase during the ON phase (p < 

0.05; Fig. 14B). PI decreased for both the CCA and ECA in the ON phase of the dynamic 

clenching protocol during the clench and post clench phases compared to baseline (p < 0.05; 

Fig. 15B). Additionally, ICA PI decreased during clenching and post clench phases (p < 0.05) 
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but increased from clench to post clench (p < 0.05; Fig. 15B). During the OFF phase, PI 

decreased in all three arteries during the clench and post clench phases when compared to 

baseline (p < 0.05) and increased from clench to post clench phases in all arteries (p < 0.05; 

Fig. 15B).  

Lastly for the facial cooling protocol, there were no differences in blood flow observed 

across any artery (p > 0.05; Fig. 14C). The PI did not change for the CCA and ECA (p > 0.05), 

but the PI decreased for the ICA (p < 0.0;5 Fig. 15C).  

The percentage of ECA blood flow (%ECA) increased during both clench and post 

clench periods compared to baseline (p < 0.05) for both isometric and dynamic conditions (Fig. 

16). During isometric jaw clenching, the %ECA increased by 16.2% during the clenching 

period, and 36.8 % post clench. During dynamic jaw clenching, the %ECA increased by 19.1% 

during the clenching period and 47.9% post clench. Conversely, the %ICA decreased in both 

conditions. During isometric jaw clenching, %ICA decreased by 17.4% from baseline to post 

clench and by 12.6% from clench to post clench (p < 0.05). For the dynamic condition, %ICA 

decreased by 11.9% from baseline to post clench (p < 0.05; Fig. 16). The ECA/ICA ratio 

increased for both jaw clenching conditions during clenching compared to baseline by 36.0% 

for isometric condition and by 26.9% for dynamic condition (p < 0.05; Table. 3) and remained 

elevated post clench (67.7% isometric, 63.1% dynamic, p < 0.05), with isometric jaw clenching 

yielding a higher ratio overall than dynamic.   
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Figure 14: Average blood flow in the CCA (first column), ECA (middle column), and ICA (right column) during isometric (A), 
dynamic (B), and facial cooling (C) conditions. Significant differences are represented as *p < 0.05. Individual participant values 
are overlaid as points, with lines connecting values across timepoints. Boxplots display the interquartile range, median (solid line), 
mean (dashed line), and whiskers display 1.5 times greater interquartile range. One-way ANOVA output represents Artery x 
Timepoint.  
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Figure 15: Pulsatility index in the CCA (left column), ECA (middle column), and ICA (right column) during 
isometric (A), dynamic (B), and facial cooling (C) conditions. Significant differences are represented as *p < 
0.05. Individual participant values are overlaid as points, with lines connecting values across timepoints. 
Boxplots display the interquartile range, median (solid line), mean (dashed line), and whiskers display 1.5 times 
greater interquartile range. One-way ANOVA output represents Artery x Timepoint.  
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5.3 Middle Cerebral Artery Velocity  

During the isometric jaw clenching protocol, there was a decrease in MCAv from clenching to 

post clench phases (p < 0.05; Fig. 17A). RI decreased during clench and post clench phases 

compared to baseline (p < 0.05) and increased when participants ended the clenching protocol 

(p < 0.05; Fig. 17B). During the dynamic jaw clenching protocol, MCAv increased during both 

ON and OFF phases compared to baseline (p < 0.05; Fig. 17A). Upon ending the clenching 

protocol, MCAv decreased compared to ON and OFF phases (p < 0.05; Fig. 17A). During both 

ON and OFF phases, the RI decreased compared to baseline (p < 0.05; Fig. 17B) and increased 

when participants ended the clenching protocol during the post clench phase compared to ON 

and OFF phases (p < 0.05; Fig. 17B). Lastly, there were no statistically significant changes in 

MCAv (p = 0.88) or RI (p = 0.59) for the facial cooling protocol (Fig. 17A and 17B). 

Figure 16: Percent blood flow distribution metrics for dynamic and isometric jaw clenching. Thin lines 
represent individual participant responses. Thick lines indicate the mean trend across participants. 
Different colors indicate condition (Isometric = pink, Dynamic = purple). Significant differences are 
represented as *p < 0.05. Two-way repeated-measures ANOVA examined Condition x Timepoint. 
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5.4 Vector Flow Imaging 

Qualitative assessment of VFI data revealed distinct flow characteristics at the carotid 

bifurcation during isometric jaw clenching consistent with the statistical findings (Fig. 18). 

Flow appeared fast and predominantly laminar at the section of CCA captured, reflecting 

increased velocity post clenching task. Near the flow divider, flow patterns became more 

complex and disturbed. Recirculation zones were observed near the ECA and ICA. The mean 

cycle VCC was calculated for three cardiac cycles. For the isometric condition, both the mean 

velocity and mean VCC increased post clench (p < 0.05; Fig. 19A and 19B). At baseline, the 

mean VCC was 0.43 ± 0.21 and increased to 0.55 ± 0.17 immediately after jaw clenching (p < 

Figure 17: Middle cerebral artery velocity (A) and resistance index (B) across all three experimental conditions for each 
timepoint (Baseline, Clench, ON, OFF, Post Clench, Cooling). Significant differences are represented as *p < 0.05. 
Individual participant values are overlaid as points, with lines connecting values across timepoints. Boxplots display the 
interquartile range, median (solid line), mean (dashed line), and whiskers display 1.5 times greater interquartile range. 
One-way ANOVA output represents Condition x Timepoint.  
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0.05). The mean velocity at baseline was 13.56 ± 12.61 and increased to 21.16 ± 6.78. There 

were no differences observed in the dynamic condition (p > 0.05; Fig. 19C and 19D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Representative qualitative vector flow images of the carotid bifurcation in a 27-yr-old male during baseline (A), and 
immediately post dynamic (B) and isometric (C) jaw clenching. All screenshots were captured during systole. Stars indicate 
regions of recirculation, and dots indicate regions of flow reversal. Colour-coded arrows represent flow velocity: green 
indicates low flow, yelllow and indicate moderate flow, and red indicates fast flow. 
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5.5 Electromyography 

Masseter muscle activation was higher during dynamic jaw clenching compared to isometric 

jaw clenching (mean difference = 38.93%, t(22) = 13.52, p < 0.05). However, no difference 

was observed in the FI between conditions (mean difference = –6.89%, t(22) = –0.52, p = 0.61). 

Pearson correlation analyses revealed no relationships between masseter muscle activation or 

FI and blood flow redistribution metrics (%ECA, %ICA, or ECA/ICA ratio) during either 

isometric or dynamic conditions (p > 0.05). 

Additional correlation analyses were conducted with ECA flow during both jaw 

clenching conditions. Results again revealed no associations. In the dynamic condition, 

Figure 19: Statistical analysis of vector flow imaging results during isometric and dynamic jaw clenching, comparing 
baseline to immediately post-clenching. (A) Isometric mean velocity; (B) Isometric mean VCC; (C) Dynamic mean velocity; 
(D) Dynamic mean VCC. Significant differences are represented as *p < 0.05. VCC, vector concentration coefficient. 
Individual participant values are overlaid as points, with lines connecting values across timepoints. Boxplots display the 
interquartile range, median (solid line), mean (dashed line), and whiskers display 1.5 times greater interquartile range. 
Paired Student’s t-tests used to assess differences between baseline and post clench values. 
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masseter muscle activation was not correlated with ECA flow (r = 0.10, p = 0.66), and FI was 

similarly unrelated to ECA flow (r = 0.34, p = 0.12). In the isometric condition, masseter 

muscle activation and FI were not correlated with ECA flow (activation: r = 0.20, p = 0.36; 

fatigue: r = 0.27, p = 0.22). 

 
Table 3: Percent blood flow redistribution metrics during isometric and dynamic jaw 
clenching exercises.  

 
Timepoint % ECA %ICA ECA/ICA Ratio 

Isometric    

Baseline 33.9 ± 9.7 71.8 ± 18.7 0.51 ± 0.21 

Clench 39.4 ± 9.7* 62.8 ± 17.5 0.69 ± 0.32* 

Post clench 46.4 ± 11.4*† 59.3 ± 16.1*† 0.85 ± 0.37*† 

Dynamic    

Baseline 30.8 ± 9.8 73.4 ± 20.2 0.46 ± 0.25 

Clench 36.7 ± 11.8* 65.2 ± 13.4 0.59 ± 0.24* 

Post clench 45.6 ± 14.4*† 64.6 ± 15.9* 0.76 ± 0.33*† 

Data represented as means±SD. *p > 0.05 vs Baseline, †p >0.05 vs clench. ICA, internal carotid 

artery. ECA, external carotid artery. 
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Table 4: Cardiovascular, cerebral, and muscle activation responses across experimental 
conditions. 

  
Baseline Post Isometric 

Clench 

Post Dynamic 

Clench 

Facial Cooling 

Systolic blood pressure (mmHg) 110 ± 1 112 ± 10 111 ± 15 110 ± 11 

Diastolic blood pressure (mmHg) 63 ± 1 65 ± 5 65 ± 5 63 ± 6 

Heart rate (beats/min) 64 ± 1 65 ± 10 65 ± 11 65 ± 10 

MCAv (cm/s) 63 ± 13 67 ± 14 68 ± 12 63 ± 12 

EMG % Activation - 28 ± 7 67 ± 15 - 

Fatigue (AU) - 3 ± 6 -4 ± 10 - 

Data represented as means±SD. MCAv, mean middle cerebral artery velocity. EMG, 

electromyography. 
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6.0 Discussion 

This research aimed to investigate how localized changes in facial vascular resistance induced 

by voluntary jaw clenching impacts extracranial and intracranial blood flow. Additionally, we 

examined whether voluntary jaw clenching increases disturbed flow at the carotid bifurcation 

due to flow redistribution between the ICA and ECA. Our findings show that voluntary jaw 

clenching increases blood flow to the ECA via an increase in CCA blood flow representing a 

shift in vascular demand toward the extracranial region. In contrast, blood flow toward the 

intracranial (ICA) region remained relatively unchanged, however, downstream increases in 

MCAv were observed. Overall, a larger percentage of blood flow was distributed to the 

extracranial region during voluntary jaw clenching. Additionally, at the end of isometric jaw 

clenching, the mean velocity of flow increased, and flow patterns at the carotid bifurcation 

became more uniform representing a reduction in disturbed flow as measured by an increase 

in the mean VCC. These findings suggest that during voluntary jaw clenching, the ECA does 

not act as a passive conduit but instead exhibits dynamic vascular responsiveness. Rather than 

diverting blood flow from the ICA, the increased ECA demand seems to be met by an overall 

increase in CCA inflow to support the heightened metabolic demand of the facial region. This 

supports the idea that extracranial vascular responses can meaningfully influence carotid 

hemodynamics without compromising cerebral perfusion. 

6.1 Extracranial Blood Flow Response  

Exercise hyperemia is a well-established physiological response where blood flow increases to 

meet the heightened metabolic demand of active muscle tissue (134,135). Activating the facial 

muscles through voluntary jaw clenching increased blood flow in both the CCA and the ECA. 

Since the CCA serves as the primary conduit supplying blood to both intracranial and 

extracranial regions (136), it plays a central role in supporting regional blood flow demands. 
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Previous research has shown that incremental cycling exercise increases blood velocity in the 

CCA, which directly accounts for an observed increase in CCA blood flow (15,136). In our 

study, this rise in flow is likely driven by localized muscular demand in the facial region 

through increased perfusion via the ECA. Since the ECA is the main branch supplying blood 

to the face, heightened demand in this region during voluntary jaw clenching likely prompted 

an increase in upstream CCA flow.  

Interestingly, despite increases in CCA and ECA blood flow, vessel diameters did not 

change. The observed hyperemia was not due to passive dilation of the large vessels, but more 

likely driven by reductions in downstream vascular resistance. Supporting this, we observed a 

decrease in the PI during jaw clenching in both the CCA and ECA. The PI is a measure of 

vascular resistance, calculated from the difference between systolic and diastolic velocities 

relative to mean velocity (41). Since blood flow and vascular resistance are inversely related 

(137), the drop in the PI suggests that resistance in the CCA and ECA decreased, allowing 

more blood to flow to the facial region in response to a heightened metabolic demand of the 

facial muscles. Our findings suggest that the clenching-induced rise in blood flow in the CCA 

and ECA was actively accommodated by changes in resistance, not vessel diameter. 

 Previous studies have shown that ECA blood flow increases by as much as 42% during 

whole-body exercise, and remains elevated after completing the exercise (138). This response 

is commonly attributed to thermoregulatory demands to help dissipate heat from the head and 

facial region through enhanced extracranial perfusion (15,139). Similarly, our study supports 

the idea that ECA blood flow increases and stays elevated following facial exercise. However, 

in our case, this response is driven by localized muscular demand. Specifically, activating the 

facial muscles through voluntary jaw clenching triggered an increase in ECA blood flow. There 

is limited research directly linking jaw clenching to carotid artery blood flow; however, studies 

have explored changes in blood flow to the facial region, particularly in the masseter muscle, 
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during various jaw clenching tasks (111,140,141). A study using ¹³³Xe clearance found that 

isometric jaw clenching at approximately 50% max EMG increased masseter blood flow during 

the task, but there was a 27 times greater increase in blood flow post clenching effort compared 

to the initial resting flow values (142). This suggests the masseter muscle’s oxygen demand 

temporarily exceeds its blood supply during jaw clenching, leading to a rebound in blood flow 

post-task. Even as little as a 5% MVJC can elicit a post clench hyperaemic response (111). 

These findings confirm that facial muscle activation alters local hemodynamics with a rebound 

increase in perfusion once clenching ceases. While most studies focus on changes in blood flow 

post clenching, our study builds on this by showing changes in blood flow that are occurring 

both during and after jaw clenching. ECA blood flow increased during jaw clenching and 

continued to stay elevated post clenching. This suggests that jaw clenching creates an 

immediate metabolic demand in the masseter muscle that is met by upstream flow from the 

ECA. Although we did not directly measure intramuscular perfusion in the masseter muscle, 

previous work showing masseter hyperaemia after jaw clenching supports the idea that 

localized muscular demand contributes to the observed changes in ECA blood flow (140,143). 

This reinforces the ECA’s role in dynamically responding to both the active and recovery 

phases of facial muscle use.  

6.2 Intracranial Blood Flow and Cerebrovascular Response  

Despite observing changes in ECA blood flow, ICA blood flow remained relatively stable 

across both jaw clenching conditions; however, there was an increase in ICA blood flow post 

clenching in the dynamic condition. Changes in CBF during exercise are driven by multiple 

factors, including systemic cardiovascular responses and neural activation specific to the task 

(97). Isometric jaw clenching was relatively low in intensity, and there were no notable changes 

in blood pressure or heart rate. Since increases in perfusion pressure are typically needed to 



56 
 

drive CBF adaptations (144), it is not surprising that ICA flow remained stable in our study. 

The present findings are consistent with prior research where one study had participants 

perform low intensity isometric handgrip exercise at 25% of their maximum voluntary 

contraction, the same relative intensity as our jaw clench, and found no significant changes in 

ICA velocity post exercise (145). This suggests that at lower intensities, the stimulus may 

simply not be strong enough to require redistribution between the ICA and ECA or provoke 

noticeable changes in ICA blood flow. In contrast, dynamic jaw clenching elicited an increase 

in blood flow post clenching when compared to the ON clenching phase. Dynamic jaw 

clenching involves coordinated, rhythmic movements characterized by repeated activation and 

relaxation similar to mastication (146,147). Mastication has shown to increase CBF in different 

regions of the brain (147), therefore, the repeated cycles of muscle activation and relaxation 

may increase the overall metabolic demand and, in turn, stimulate greater perfusion to meet 

this demand since this was also performed at a greater intensity (70%). The present study 

supports the idea that dynamic, higher-intensity jaw clenching perhaps is more effective in 

stimulating CBF than low-intensity isometric jaw clenching. 

Although ICA flow remained relatively stable, there were observable changes in the 

ICAs PI where overall the PI decreased (Fig. 12B). Although the PI can reflect cerebrovascular 

resistance, it is also influenced by factors such as cerebral perfusion pressure and arterial 

compliance (42,148,149). Changes in the PI may have reflected shifts in distal cerebrovascular 

tone or microvascular dynamics that occurred independently of changes in bulk ICA blood 

flow. A similar finding was found during dynamic cycling exercise, where the PI increased 

despite no change in ICA flow (150). Since voluntary jaw clenching is a relatively small muscle 

activity, it may only be selectively increasing blood flow in localized higher brain regions 

related to jaw motor control. 
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Jaw clenching stimulates various regions of the brain particularly those involved in 

motor execution, proprioceptive feedback, and sensorimotor integration (151). Regions include 

the primary motor and somatosensory cortices, premotor cortex, supplementary motor area, 

inferior frontal gyrus, insula, and the basal ganglia (151). Conveniently, these regions are 

largely supplied by the MCA (84), therefore, activation of these regions during voluntary jaw 

clenching in our study could have elicited a regional cerebrovascular response where changes 

were localized to these specific vascular territories. This could explain the changes observed 

in MCAv despite no changes in ICA blood flow. During dynamic jaw clenching, there was an 

increase in MCAv. Given that dynamic jaw clenching was performed at a higher intensity (70% 

MVJC) than the isometric condition (25% MVJC), the observed increase in MCAv aligns with 

previous research suggesting that both the intensity and pattern of muscle contraction influence 

cerebrovascular responses and activation patterns (97,151). For example, stronger muscle 

contractions elicit greater neural excitability, and clenching tasks that involve all teeth, 

especially the molars, have been shown to generate more widespread cortical activation than 

those using only the front teeth (152,153). Hasegawa et al. further supports these findings since 

MCAv increased during jaw clenching and chewing, but not during tooth-tapping (a weaker 

stimulus), highlighting the importance of task-specific motor engagement and effort (97). 

Moreover, repeated jaw clenching has been shown to induce neural plasticity and increased 

excitability (154), reinforcing the idea that the observed cerebrovascular changes reflect 

neurovascular coupling rather than systemic hemodynamic shifts. It is important to note that 

fluctuations in arterial CO2 can impact MCA diameter (87,88), and that changes in velocity 

should be interpreted with caution when CO₂ levels aren’t stable (89). We based the present 

study’s approach on the study conducted by Hasegawa et al. (97), where transcutaneous CO₂ 

stayed within the normal physiological range (37–45 mmHg) during similar jaw clenching 

tasks. Therefore, it was assumed that MCA diameter likely stayed stable in the present study. 
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The changes in MCAv observed are reflected in the changes observed in the RI 

calculated. There is an inverse relationship between CBF and RI where when CBF increases, 

the RI decreases, and vice versa (155). Typically, at low exercise intensities, increases in 

cerebral blood velocity are accompanied by rises in RI suggesting that distal vessels maintain 

or increase resistance, limiting blood flow (156). In contrast, at higher intensities, RI decreases 

as vessels dilate, reducing resistance and allowing CBF to increase (156). In our findings, the 

RI decreased during both dynamic and isometric jaw clenching conditions, indicating a 

reduction in downstream cerebrovascular resistance. This suggests that downstream 

vasodilation occurred to accommodate increased flow during jaw muscle activation. However, 

RI increased during the post clenching phases for both conditions, reflecting a likely 

downstream vasoconstrictive or autoregulatory rebound once jaw clenching ceased. This 

pattern underscores the dynamic regulation of cerebral vascular tone in response to varying 

neural and hemodynamic demands during and after jaw clenching. 

Collectively, these findings suggest that although voluntary jaw clenching does not 

appear to trigger widespread changes in CBF, it may still lead to localized increases in 

perfusion within task-relevant brain regions. This effect was particularly evident during 

dynamic jaw clenching, where MCAv changes were more pronounced. These localized 

responses likely reflect neurovascular coupling driven by task-specific neural activation and 

motor engagement, rather than systemic hemodynamic changes. 

6.3 Blood Flow Redistribution  

Although the ICA and ECA originate from the same vessel, their functional roles and 

regulatory mechanisms respond differently to physiological stress (15–17,157). The ICA is 

tightly regulated and maintains relatively stable cerebral perfusion across a range of systemic 

pressures through mechanisms like autoregulation, CO₂ sensitivity, and neurovascular coupling 
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(158). In contrast, the ECA is generally considered a pressure-passive vessel, more susceptible 

to systemic hemodynamic changes and less tightly controlled (10–12). During exercise, several 

studies have shown that ECA blood flow and vascular conductance increase, while ICA blood 

flow remains unchanged due to a reduction in ICA conductance (157,159). This supports the 

idea that the ECA acts as a modifiable outlet, helping buffer cerebral perfusion during transient 

hemodynamic challenges and allows the ICA to maintain its tightly regulated function (10,17). 

By engaging the facial muscles through voluntary jaw clenching, we elicited localized 

metabolic demand in the facial region that led to a direct increase in ECA blood flow without 

substantial systemic cardiovascular engagement. This indicates that the ECA responds 

dynamically to the metabolic needs of active facial muscles. These findings highlight the 

capacity of extracranial vessels to adjust flow in response to local demand and reinforce the 

idea that facial muscle activity can modulate upstream carotid dynamics in a controlled, 

localized way. 

Although we did not observe a clear redistribution in blood flow between the ICA and 

ECA, we were curious whether the type of jaw clenching exercise influenced both the 

magnitude of blood flow and the redistribution of flow between the carotid branches to some 

degree. An exploratory analysis was conducted of relative flow metrics specifically %ECA, 

%ICA, and the ECA/ICA ratio across isometric and dynamic clenching conditions. It is well-

known that the ICA receives the majority of blood flow receiving approximately 70% of total 

CCA output, whereas ECA flow will receive the remaining 30% (160). However, during high-

intensity dynamic exercise, these percentages shift and there is a redistribution of blood flow 

where blood flow is favoured to the extracranial region (15). In our study, there was an increase 

in %ECA during both jaw clenching conditions, alongside a decrease in %ICA, indicating a 

shift in blood flow toward the extracranial circulation. This was further supported by observing 

an increase in the ECA/ICA ratio indicating more blood flow from the CCA is being delivered 
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to the extracranial region (ECA) (161). While dynamic jaw clenching elicited greater masseter 

muscle activation, as expected given the higher relative intensity (70% MVJC), this did not 

translate to greater ECA blood flow. In fact, isometric jaw clenching, despite involving lower 

EMG activation, yielded a higher increase in ECA blood flow during active jaw clenching and 

an overall greater ECA/ICA ratio. These findings can likely be explained by the distinct 

mechanical and vascular demands of each task. Isometric contractions involve sustained 

muscle contraction, which increases intramuscular pressure and can compress local vessels, 

limiting blood inflow (162). In our case, the facial vasculature may prioritize perfusion during 

sustained contraction in order to maintain local oxygen delivery (162), hence blood flow going 

through the ECA increases to supply the facial region. In contrast, dynamic jaw clenching is 

phasic, alternating between brief contractions and periods of relaxation. During contraction, 

there is still some vascular compression, but the intermittent relaxation allows for periodic 

surges in flow.  

Interestingly, there was no relationship between EMG-derived FI and these percent 

blood flows. While limb muscle studies consistently show that muscle fatigue can limit 

perfusion due to mechanical compression or metabolic buildup, they also demonstrate that 

fatigue often elicits proportional increases in blood flow as a compensatory mechanism to meet 

rising metabolic demand (135,163). Our findings do not support this; however, they do align 

with prior work on the jaw-closing muscles, which may behave quite differently. Clark and 

Carter (164) reported that the jaw muscles, particularly the masseter and temporalis, 

demonstrate an unusual resistance to contractile fatigue, even under sustained isometric loads. 

They found no reduction in bite-force capability or peak EMG and suggested that participants 

often stopped clenching due to discomfort rather than true fatigue (164). This has been 

attributed to factors such as higher capillary density, better oxygenation, and a predominance 

of fatigue-resistant type I fibers within the masseter and deep temporalis muscles (165,166). In 
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our study, the absence of any relationship between FI and blood flow may reflect this same 

phenomenon, rather than muscle fatigue driving blood flow, it is the mechanical nature of the 

task (sustained vs dynamic) that shape the hemodynamic response. 

6.4 Blood Flow Patterns 

A key aim of this study was to investigate how blood flow patterns at the carotid bifurcation 

change as a function of flow diversions between the ICA and ECA. Our findings found that 

post isometric jaw clenching increases both the velocity and the VCC at the carotid bifurcation, 

suggesting that blood flow did not become more chaotic or disturbed, but rather became 

coherent and laminar in nature. 

Blood flow patterns at the carotid bifurcation are well-known to be complex exhibiting 

patterns such as zones of recirculation, areas of flow separation, and turbulent flow (31,55). 

Specifically retrograde flow from the ECA into the ICA, is considered a common phenomenon 

that is influenced by the geometry of the carotid bifurcation (46,55,56). Qualitatively assessing 

our VFI results, as expected, there are recirculation zones occurring at the flow divider between 

the ICA and ECA (56). Given that our blood flow analysis showed an increase in flow directed 

to the ECA during isometric jaw clenching, future research should more closely examine flow 

patterns within the ECA under similar physiological conditions to identify if flow is becoming 

more disturbed. Interestingly, the overall acute hemodynamic response observed in our study 

revealed that isometric jaw clenching increased flow uniformity, as indicated by increased 

VCC values post jaw clenching. This reflects a more homogeneous velocity profile across the 

bifurcation and likely retains laminar characteristics and does not necessarily indicate disturbed 

or turbulent flow.  It is important to note, however, that the VCC quantifies flow alignment but 

not the direction in which it is aligned (119).  



62 
 

In acute settings, increased velocity and increased flow uniformity may be beneficial, as it 

helps reduce regions of low or oscillatory shear stress, both known contributors to endothelial 

injury and plaque development (167). Therefore, this response could be interpreted as a 

transient protective adaptation. However, this adaptation may not remain benign if triggered 

repeatedly over time. If voluntary jaw clenching induces uniform flow at an increased velocity 

frequently or for prolonged durations, the cumulative exposure to altered shear profiles, even 

if laminar, could still contribute to endothelial stress due to an increase in mechanical forces 

exerted on the endothelium surface (168). This highlights the importance of considering both 

the direction and duration of hemodynamic forces when evaluating their potential vascular 

impact. 

Overall, it is important to acknowledge the hemodynamic consequences of frequent or 

sustained jaw activation and how it could lead to persistent shifts in flow distribution. Future 

studies should focus more specifically on the ECA to determine whether such flow alterations 

contribute to increased recirculation zones, altered shear stress profiles, or potential vascular 

remodeling. Understanding these changes could expand current models of carotid bifurcation 

dynamics and help uncover underappreciated vascular risks associated with chronic orofacial 

motor activity. 

6.5 Facial Cooling 

Our study used facial cooling as a method to decrease ECA blood flow by constricting the 

facial arteries to induce a non-metabolic vasoconstrictor response. Our results did not show 

changes in blood flow for any of the measured arteries (ECA, ICA, or CCA), nor in MCAv. 

This was unexpected since previous research has shown localized cooling of the face can 

effectively reduce facial blood flow and influence cerebral circulation through extracranial and 

intracranial interactions (16,104,169). Previous research has shown that cooling the facial 
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region with a 10°C stimulus can effectively reduce surface blood flow while minimizing the 

risk of excessive tissue hypoxia; however, this study used a water perfused mask that had 

consistently regulated water temperature inside the mask which was likely a more consistent 

cold stimulus than our study (114). While our study used a cold mask with a notably cooler 

temperature measured at 0.9 ± 1°C, it did not produce a substantial drop in facial temperature. 

The facial temperature decreased from 30.1°C to 24.1°C which is a modest difference of 6.0°C, 

therefore, the cold stimulus in our protocol did not trigger a strong enough vasoconstrictive 

response in the facial arteries to see changes in ICA or ECA blood flow. Although some degree 

of vasoconstriction likely occurred, it may not have been strong enough to influence 

downstream carotid artery blood flow or cause measurable changes in bulk flow distribution. 

Thus, the facial cooling protocol did not achieve the intended physiological effect.  

Although we did not observe changes in blood flow during facial cooling, we 

surprisingly observed a decrease in ICA PI. Facial cooling is known to stimulate the trigeminal 

nerve and can lead to cerebral vasodilation through autonomic reflexes (170). One such reflex 

is the diving reflex, a physiological response typically characterized by bradycardia and 

peripheral vasoconstriction, which can be triggered by cold facial stimulation or breath holding 

(171). However, our data do not support full activation of the diving reflex, as heart rate 

remained unchanged and we did not assess peripheral vasoconstriction. It is possible that the 

decrease in PI reflects a mild or localized autonomic response, or was influenced by factors 

such as unintentional breath holding, although this cannot be confirmed from our data. 

6.6 Clinical Significance in Dentistry  

Bruxism is an orofacial disorder characterized by parafunctional muscle hyperactivity 

involving rhythmic and repetitive jaw activity such as clenching, grinding, tooth tapping, or 

cheek and lip biting (151,172–175). It can occur during the day (awake bruxism) or at night 



64 
 

(sleep bruxism) and can present in different patterns: phasic (brief, repeated contractions), tonic 

(sustained bursts lasting more than 2 seconds), or a combination of both (175,176). Up to 80–

95% of the population experiences some form of bruxism (150), making it a significant clinical 

concern in the field of dentistry. The forceful nature of bruxism creates sustained pressure on 

the masseter muscle and surrounding vasculature, leading to hypertrophy of the masseter 

muscle, and increased occlusal forces causing symptoms such as mandibular pain, muscle 

fatigue, scalp tenderness, and headaches (177,178). Importantly, patients diagnosed with 

bruxism are at a higher risk of developing temporomandibular disorders (TMDs), a more 

severe, chronic condition affecting the masticatory muscles and temporomandibular joint 

(179,180). TMD is often considered a potential long-term complication of severe bruxism and 

is characterized by persistent pain, joint locking, clicking or popping sounds in the jaw, 

difficulty chewing or opening the mouth, and frequent headaches (181,182). 

Despite bruxism having a high prevalence, the cause of it remains unclear. It has a 

multifactorial origin ranging from genetic and psychological factors to physiological and 

behavioral ones which makes it difficult to diagnose or treat definitively (151,183). While the 

dental consequences are well-established, including enamel wear, gum recession, and tooth 

damage and fractures (176,184), less is known about the potential vascular effects.  

In our current study, we found that jaw clenching plays a role in modulating blood flow 

within the carotid system primarily increasing blood flow in the CCA, and ECA, increasing 

blood velocity and blood uniformity at the carotid bifurcation, as well as influencing MCAv. 

Of interest, the carotid bifurcation is a common site for atherosclerotic plaque development due 

to its unique geometry and complex flow patterns (22,64). As previously mentioned, while 

transient retrograde flow is considered a benign and physiologically normal feature of the 

carotid bifurcation, its clinical significance may shift in the context of habitual behaviors such 

as bruxism. Chronic exposure to altered shear environments, including persistent retrograde 
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flow, may promote maladaptive vascular remodeling, endothelial dysfunction, or early 

atherosclerotic changes (185). Bruxism has been linked to increased arterial stiffness in the 

aorta suggesting that chronic jaw muscle hyperactivity may have systemic vascular 

consequences beyond the masticatory system (186). Additionally, complex flow patterns at the 

carotid bifurcation are particularly concerning, since they contribute to endothelial dysfunction 

and play a key role in the development of atherosclerotic plaque (187). Although our study 

found that voluntary jaw clenching increased flow uniformity, it also increased velocity, which, 

if sustained chronically, could possibly impair endothelial function and exacerbate 

atherogenesis, particularly in individuals with pre-existing plaque. High WSS associated with 

high velocity is known to contribute to plaque destabilization and may lead to rupture, which 

can result in stroke (66,69). While the acute responses observed in our study were normal, 

repeated exposure to these hemodynamic outcomes may become a vascular stressor over time. 

Although this connection has not been established in the literature, it is something to make note 

of, and future research should further investigate. Further research is needed to investigate 

whether individuals with chronic jaw clenching behaviors exhibit early markers of carotid 

stiffening, intima-media thickening, or localized atherosclerotic change. If so, this would have 

major implications for how orofacial conditions like bruxism and TMD are viewed in the 

context of vascular health. 
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7.0 Limitations 

One of the main limitations of this study was the absence of end-tidal CO₂ monitoring. A 

capnograph should have been used to track changes in the partial pressure of CO₂ in exhaled 

gases to identify subtle alterations in breathing patterns that may have influenced arterial CO₂ 

levels (90). Although participants were reminded to breath normally throughout the clenching 

periods, it is possible there may have been subtle changes in breathing during voluntary jaw 

clenching. Interpretating changes in MCAv assumes that MCA diameter remains consistent 

(97), which may not always hold true. Furthermore, continuous cardiovascular monitoring 

using finger plethysmography would have strengthened our interpretation by capturing beat-

by-beat heart rate and blood pressure responses during voluntary jaw clenching. 

Another limitation was the effectiveness of the facial cooling stimulus. It did not elicit 

the expected reduction in ECA blood flow, possibly due to insufficient cooling intensity or 

duration. Several adjustments could have improved the cooling protocol. For example, 

alternating between two chilled masks might have helped maintain a consistently low 

temperature. Once it became clear that facial temperature was not decreasing meaningfully, a 

second, pre-cooled mask could have been introduced, and the overall cooling period extended. 

Alternatively, applying the cold stimulus to the neck region, closer to the carotid bifurcation, 

may have provided a more direct thermal effect on the ECA (188). 

While it would have been ideal to obtain direct measurements of blood flow in distal 

ECA branches such as the facial or maxillary artery to allow for more precise downstream 

assessment, time constraints limited our ability to include these additional measurements. 

Additionally, there was limited vector data of the carotid bifurcation, and it was difficult to 

standardize carotid orientations due to anatomical variability between participants. 

Although the study was sex-balanced, we were underpowered to investigate sex-based 

differences in vascular responses to voluntary jaw clenching. This remains an important 
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direction for future research, particularly in light of emerging evidence suggesting a higher 

prevalence of bruxism among females (173). Additionally, while we did not include 

participants with dental related disorders, future research should consider populations with 

conditions such as bruxism or TMD, where altered facial muscle activity and chronic jaw 

tension may have a more pronounced impact on extracranial and intracranial vascular 

dynamics. 
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8.0 Conclusion 

This study successfully used voluntary jaw clenching as a method to assess changes in blood 

flow in the carotid system. Our findings demonstrated that both isometric and dynamic 

clenching increased extracranial blood flow, while dynamic jaw clenching appeared to increase 

intracranial circulation to a greater extent. These results support the idea that the ECA plays an 

active regulatory role in upstream carotid flow dynamics, driven by localized changes in facial 

vascular resistance. Additionally, isometric jaw clenching was associated with increased 

velocity and flow uniformity, indicating an overall more uniform and laminar flow pattern at 

the carotid bifurcation. By demonstrating how facial muscle activity can directly influence 

blood flow patterns in the carotid system, this research offers a novel experimental model for 

investigating extracranial and intracranial hemodynamic redistribution. Such insights are 

particularly relevant to understanding vascular adaptations related to oromandibular activities 

and may shed light on pathophysiological mechanisms in orofacial conditions like bruxism and 

TMD. Future studies should aim to expand upon these findings by exploring blood flow 

responses in downstream facial artery branches and assessing these mechanisms in populations 

affected by bruxism or TMD. Investigating the interplay between facial vascular dynamics and 

cerebral circulation could reveal important links between oral health and cardiovascular 

function. Ultimately, bridging these gaps may lead to more integrative clinical approaches and 

a deeper understanding of oral-systemic vascular health. 
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