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ABSTRACT 

The control of blood flow is a sophisticated physiological function accomplished 

through the integration of several concurrent mechanisms and pathways (e.g., 

myogenic, metabolic, humoral, and neuronal). These mechanisms are differentially 

expressed in different tissues and organs (e.g., brain and muscle) and may h ave 

developed to better serve the specific need to meet the enhanced oxygen demand. One 

part of the thesis concerns cerebral circulation, known to absorb ~15% of cardiac 

output and ~20% of the available oxygen. Another part concerns muscle circulation, 

whose peculiarity is its capacity to change over an extremely broad range, e.g., from 

an average of 20 up to 80-fold during exercise, compared to the resting state.  

The control of blood flow can be investigated by assessing the hemodynamic response 

to specific stimuli and by devising appropriate vascular reactivity tests. In this thesis, 

vascular responses in the brain and skeletal muscles were investigated using two 

noninvasive imaging techniques: transcranial Doppler ultrasound and near -infrared 

spectroscopy. The vascular reactivity was used as a tool to understand and address two 

physiological issues: 1) the control of cerebral blood flow in relation to 

hypnotizability; and 2) the control of blood flow in the head compared to limb 

muscles, during stress conditions. 

Before proceeding to address the first physiological question, it is worth mentioning 

that hypnotizability is a psychophysiological and dispositional feature characterized by 

different attentional abilities, information processing, and cardiovascul ar control, that 

can be measured by a validated scale. Previous studies evidenced hypnotizability-

related differences in the control of peripheral circulation. Based on this, possible 

differences in cerebral circulation were hypothesized between low - and highly- 
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hypnotizable individuals. Three investigations were carried out to assess vascular 

reactivity during different stimuli (chemical, mechanical, cognitive, and sensory). The 

results showed different correlations among hemodynamic variables in med -low and 

med-high hypnotizable individuals and revealed that hypnotizability affects the control 

of cerebral circulation independently from suggestion and induction of the hypnotic 

state. 

The second issue addresses a different physiological question: whether the  sympathetic 

nervous system exerts a different control over blood flow in head muscles (masseter 

and temporalis) compared to limb muscles (biceps brachii). In fact, the sympathetic 

nervous system is known to play a general constrictory role, but with possi ble 

differences between body areas (e.g., upper and lower limbs). Even opposite (dilatory) 

responses were reported in the literature for the masseter muscle although 

simultaneous monitoring of head and limb muscles was never performed.  

To this aim, first a methodological study was necessary to validate the near -infrared 

spectroscopy monitoring in the temporalis muscle. In particular, the expected response 

patterns were observed during isometric muscle contractions (teeth clenching), while 

no effect was produced by hyperventilation (provoking cerebral vasoconstriction), 

which proved that this technique is adequate to investigate muscle hemodynamics with 

no interference from cerebral circulation. Two investigations were then carried out to 

investigate the vascular response to different sympathetic activation tests in biceps 

brachii, masseter, and temporalis muscles using near-infrared spectroscopy. The results 

showed that the masseter and temporalis appear more prone to dilatation than the 

biceps, exhibiting opposite changes (oxygenation increase in head muscles and 

decrease in the biceps) in response to painful stimuli such as the cold pressor test and 

the post-handgrip muscle ischemia. This allowed us to infer differential control of 
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muscle blood flow in the head and upper limbs. Several mechanisms may mediate this 

effect, including a reduced sympathetic outflow to the extracranial vasculature of the 

head, generally exposed to lower hydrostatic loads than the rest of the body.   
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INTRODUCTION 

The contents of this thesis are organized as follows. First, general principles and 

mechanisms (intrinsic/extrinsic) involved in the control of blood flow are thoroughly 

summarized. Second, the concept of vascular reactivity is presented, and two 

noninvasive hemodynamic techniques for the assessment of vascular reactivity , that 

have been mainly employed in this thesis, will be discussed and mentioned in a 

broader context. Third, hypnotizability is introduced and a reliable measurement of 

hypnotic susceptibility is presented. Fourth, masticatory and limb muscles are 

introduced and compared to address the notion that control of blood flow to these 

muscles remains to be investigated which may contribute to the etiology of pain in 

orofacial and head regions. Finally, the muscle activity assessment technique is 

concisely summarized. 

A. Blood Flow and Poiseuille’s Law 

Blood flow is described with the help of French Physiologist Jean Louis Marie 

Poiseuille, as directly proportional to the magnitude of arteriovenous pressure gradient 

across the vascular bundle and inversely proportional to the overall resistance of the 

vascular network [1]. This is mathematically expressed as: 

Q =
π Δ P r4

8 η λ
 

• Q = blood flow rate (mL/min) 

• π (Greek letter pi) = ratio of a circle’s circumference to its diameter  

• ΔP = pressure difference (mmHg)  

• r4 = vessel radius to the fourth power (cm) 
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• η (Greek letter eta) = blood viscosity (Pa.s) 

• λ (Greek letter lambda) = vessel length (cm)  

Blood flows from higher-pressure regions to lower-pressure regions in the same 

direction, and very little pressure remains by the time blood leaves the capillaries and 

enters the venules. Blood flow velocity varies inversely with the total cross-sectional 

area of the blood vessels. In blood vessels, most of the resistance is due to the vessel 

radius. As vessel radius increases, the resistance decreases and blood flow increases 

(vasodilation). Therefore, this relationship serves to understand how physiological 

(e.g., vascular tone) and pathological (vascular stenosis) changes in vessel radius 

significantly affect flow and pressure [2]. 

B. Mechanisms Involved in the Control of Blood Flow 

Blood flow is the movement of blood through a vessel, tissue, or organ from the 

arteries to the capillaries and then into the veins. Control of blood flow is different for 

the different tissues and may be altered in pathologies and may change with adaptation 

(e.g., altitude, temperature). Understanding the physiological mechanisms of blood 

flow control within the skeletal muscles and cerebral vasculature is obviously 

captivating due to the extremely tight coupling between hemodynamics and tissue 

oxygenation [3]. 

I. Myogenic Control of Blood Flow 

The myogenic response is an intrinsic property of the blood vessel or more specifically 

vascular smooth muscle to respond to changes in intravascular pressure and 

mechanical stretch [4]. The smooth muscle of both large arteries and small arterioles 

dilates in response to decreased pressure and constrict s in response to increased 

pressure [5]. The myogenic behavior, prevalent in resistance arteries and arterioles 
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involves myogenic tone, a state of partial constriction at  constant pressure, and 

myogenic reactivity, the adjustment of tone in response to a change in pressure [6]. 

This response to increased transmural pressure occurs via the activation of ion 

channels, depolarization of the smooth muscle cell membrane, and calcium influx 

through the opening of voltage-operated calcium channels. The myosin light chain 

phosphorylation increases with the increased intracellular calcium concentration and 

results in vasoconstriction [7]. The increase in wall tension, rather than elongation, has 

been proposed as a stimulus for the myogenic response development since it has been 

shown to correlate with changes in intracellular calcium and phosphorylation of 

myosin light chain, a relationship not seen with vessel diameter [8]. Stretch-activated 

ion channels, including transient receptor potential channels, are thought to serve as 

mechanosensors, although voltage-operated calcium channels may also be directly 

activated by transmural pressure changes [9]. In addition, chloride channels may also 

participate in pressure-induced depolarization of smooth muscle because their 

activation increases an inward current, causing depolarization [10]. In addition to ionic 

mechanisms, there is evidence for other factors involved in mechanotransduction 

during myogenic tone initiation, including actin cytoskeletal dynamics and cell surface 

integrins. Both transient receptor potential channels and integrins are associated with 

the actin cytoskeleton, which provides a mean to transduce stretch or pressure into a 

depolarization and contractile response [11]. 

II. Metabolic Control of Blood Flow 

The metabolic control of blood flow relates to the physiological necessity to maintain 

a balance between metabolic demand (hemodynamics) and metabolic supply (tissue 

oxygenation). Functional or active hyperemia is referred to increase blood flow in 

response to the elevated metabolic activity of the tissue. Remarkably, the interstitial 
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concentrations of metabolic products yield vasodilation that reflects the integrated 

activity of several processes including metabolic production rate, dilator metabolite 

washout by diffusion from interstitium into the bloodstream and removal by the 

flowing blood, and vasodilator reuptake by tissue cells. For instance, hydrogen 

peroxide, released at increased rates due to enhanced electron flux via respiratory 

chain and coupled to myocyte oxygen consumption, may act as a metabolic vasodilator 

and contribute to the hyperemia induced by skeletal muscle contraction [12]. 

The metabolite-sensitive small arterioles initiate a vasomotor response quite early 

(e.g., with contraction, as soon as metabolites are released) along the interconnected 

endothelial and arteriolar smooth muscle cells giving rise to conducted vasodilation, 

which does not depend on vessel wall shear rate [13]. This dilatation may result from 

acetylcholine local binding to muscarinic receptors on the endothelial plasma 

membrane, which in turn activates the inositol 1,4,5-triphosphate receptor on 

endoplasmic reticulum to release calcium, subsequently triggering intermediate - and 

small-conductance calcium-activated potassium channels, ultimately resulting in 

hyperpolarization,  per se sufficient to cause vasodilation [3]. 

The myogenic and metabolic mechanisms are also involved in reactive hyperemia. 

When the arterial inflow to skeletal muscle is suddenly occluded, the decreased blood 

flow reduces the washout of metabolic vasodilators and decreases arteriolar wall 

tension. Removal of occlusion increases blood flow and vascular resistance 

progressively returns to normal levels [2]. 

For instance, skeletal muscles contain the largest single pool or reservoir of potassium 

[14]. During activation, the depolarized skeletal muscle cells immediately release 

potassium into the interstitial space surrounding the arterioles attain ing values around 

8 mmol/L, which subsequently stimulates the sodium-potassium pump in vascular 
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smooth muscle cells (hyperpolarization) leading to the vasodilation underlying 

functional hyperemia [15,16]. Potassium also increases the noradrenaline uptake into 

the sympathetic nerve terminals yielding  a vasodilatory response [16]. Upon 

relaxation, muscles regain lost potassium by sodium-potassium pumps within minutes 

leading to the normalization of potassium levels which may be preceded by temporary 

potassium undershoot and transient hypokalemia (< 3.5 mmol/L) [14]. 

Epoxyeicosatrienoic acids also produce vasodilation directly through calcium-

activated potassium channels or transient receptor potential channels [17]. 

The metabolic control of blood flow is also a powerful mechanism in cerebral 

circulation which partly relies on astrocytes, providing a coupling between neurons 

and blood vessels (mentioned below).  

III. Endothelium-Derived Factors 

Various vasodilators (i.e., nitric oxide, endothelium-derived hyperpolarizing factors, 

and prostacyclin) and vasoconstrictors (thromboxane A2, endothelin , and superoxide) 

are released from endothelium to influence vascular smooth muscle in a paracrine way  

[18]. For instance, hydrogen peroxide induces endothelium-dependent relaxation e.g., 

via cyclooxygenase-1-mediated release of prostaglandin E2 [19]. 

Flow-induced vasodilation occurs, independently of humoral and neural mechanisms, 

in larger arterioles, resistance arteries, and conduit vessels [12]. This involves the 

production and/or release of nitric oxide from endothelial cells to relax vascular 

smooth muscle. In the vasculature, shear stress is defined as the tangential force of 

blood flow that acts on the endothelium. The increased shear stress activates 

endothelial nitric oxide synthase through raised endothelial calcium concentrations  

[20]. 
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Endothelium-derived hyperpolarizing factors are non-prostanoid and non-nitric oxide, 

including potassium ions, hydrogen peroxide, cannabinoids,  and epoxyeicosatrienoic 

acid, which also participate in flow-mediated dilatation of blood vessels [20]. In 

response to physical forces (such as vessel wall shear and circumferential stress) and 

neurohormonal mediators, potassium ions are also released by endothelial cells that 

contribute to endothelium-dependent vasodilation [15]. A similar mechanism of 

vasodilation is observed during brain tissue activation [21].  

Other endothelium-derived factors exist that mediate vasoconstriction, such as 

Endothelin-1, which is constitutively produced by the endothelial cells and its receptors are expressed on 

vascular smooth muscle cells and endothelium [22]. Like angiotensin II-dependent superoxide 

formation, endothelin-1 can indirectly influence muscle blood flow by quenching nitric oxide and/or 

inducing endothelial nitric oxide synthase uncoupling, therefore limiting flow-dependent vasodilation 

[12]. 

It is worth mentioning that endothelium-mediated vasodilatory response may vary with 

skeletal muscle fiber type. For instance, the blockade of endothelial nitric oxide 

synthase decreases blood flow to oxidative fibers compared to fast glycolytic fibers 

[23]. Also, the sensitivity of arterioles to adenosine differs with fiber type, most 

probably due to endothelium phenotype variations [24]. To summarize, flow-mediated 

dilatation acts in concert with endothelium-dependent mediators to facilitate the 

vasodilation of blood vessels. 

IV. Humoral Control of Blood Flow 

Humoral mechanism is also important for the control of blood flow. For instance, noradrenaline 

released from the adrenal medulla produces vasoconstriction via alpha-1 receptor activation. At 

the same time, the release of adrenaline promotes vasodilation through beta-2 receptors as well 

as constriction through alpha-1 receptors. The overall effect may depend on relative receptor 
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density (which is tissue-dependent) and on the actual adrenaline concentration. Vasopressin 

may cause constriction of skeletal muscle arteries and arterioles as well as contraction of 

vascular smooth muscles and becomes significantly relevant in the conditions of liquid loss 

[12]. Angiotensin II also produces vasoconstriction and stimulates the production of superoxide 

via nicotinamide adenine dinucleotide phosphate oxidase. 

V. Neural-Astrocyte Control of Blood Flow 

The central control mechanisms play a crucial role to adjust vascular resistance and 

cardiac output to regulate arterial blood pressure [25]. For instance, skeletal muscle 

vessels are highly innervated by the sympathetic nervous system. The withdrawal of 

sympathetic tone to skeletal muscle vasculature and/or local interference with 

neurotransmitter release from sympathetic nerve terminals produces vasodilation. 

Sympathetically-induced changes in the vasculature are mediated by adrenergic 

receptors expressed on endothelium and vascular smooth muscle cells that respond to 

catecholamines, noradrenaline, and adrenaline [26]. 

Catecholamines are released from the adrenal medulla and transported to skeletal 

muscles through the bloodstream, exerting their effects with the help of alpha- and 

beta-adrenergic receptors interaction. Vascular smooth muscle cells express alpha-1 

and alpha-2 adrenergic receptors to evoke vasoconstriction. In addition, endothelium 

expresses alpha-2 adrenergic receptors which can lead to vasodilation through a 

release of endothelium-derived nitric oxide [27]. Skeletal muscle vasodilation may 

also occur due to the activation of beta-2 adrenergic receptors located on vascular 

smooth muscle cells, upon exposure to adrenaline [28,29]. 

Perivascular release of noradrenaline activates alpha receptors to induce 

vasoconstriction. Importantly, adventitial fibroblast also expresses alpha -1 adrenergic 

Page 20 of 255 



 

receptors similar to vascular smooth muscle cells.  Both cell types respond to 

noradrenaline by inducing protein synthesis and proliferation, which may contribute to 

the vascular modeling that occurs with long-term catecholamine exposure. 

Concomitantly, sympathetic nerve stimulation activates angiotensin II via renin -

angiotensin system in the kidneys. This evokes vasoconstriction thus amplifying the 

effect of the noradrenaline released from sympathetic nerve terminals to induce arterial 

vascular smooth muscle contraction in skeletal muscles [12]. 

The sympathetic innervation in the brain specifically concentrates on the basal and pial 

arteries, before they enter the parenchyma, in addition, the parasympathetic nervous 

system is also believed to innervate brain vessels, as well as fibers from senso ry 

afferents. Notably, the efficient blood-brain barrier prevents the entry of circulating 

catecholamines into the brain tissue.  

A relevant role in the control of cerebral blood flow (the so-called neurovascular 

coupling) is played by astrocytes, which have an intimate relationship with cerebral 

vasculature [30]. Release of neurotransmitters (e.g., serotonin, noradrenaline , and 

acetylcholine) from active neurons evokes calcium-dependent release of vasoactive 

metabolites of arachidonic acid from astrocytes endfeet to modulate cerebral blood 

flow [31]. Synthesis and release of epoxyeicosatrienoic acid and prostaglandin E2 

results in vasodilation, whereas tonic release of 20-hydroxyepoxyeicosatrienoic acid 

and adenosine triphosphate produces vasoconstriction of vascular smoo th muscle cells 

[32]. Moreover, the release of potassium ions from astrocyte endfeet may also play a 

significant contribution to dilate cerebral arterioles [33]. Oxygen modulates astrocyte 

regulation of blood flow. Under normoxia, astrocytic calcium signaling results in 

vasodilation, while under hyperoxia, vasoconstriction is favored. Further, astrocytes 

also contribute to the generation of vascular tone [31]. 
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VI. Mechanical-Induced Vasodilation 

While muscle contraction impedes the arterial inflow due to the increased 

intramuscular pressure, which occludes intramuscular vessels [34], different 

mechanisms have been suggested through which mechanical activity of muscle 

contraction and relaxation may contribute/cause muscle hyperemia [35]. Muscle 

contraction, which “squeezes” intramuscular vessels  would be expected to facilitate 

blood flow from arteries into those veins where pressure and volume have been 

decreased. Pressure gradient increases during muscle relaxation due to venous negative 

luminal pressure, which may increase muscle perfusion without requiring changes in 

the diameter of the vessel (the so-called muscle pump) [36,37]. Further, vascular 

smooth muscle cells mechanical deformation may disrupt the attachment of actin -

myosin, therefore increasing muscle perfusion [34]. Lastly, blood flow transiently 

impeded by muscle contraction also creates higher pressure in arterioles and , upon 

muscle relaxation, this increased pressure gradient drives the transient venous flow 

though this response remains for a short time due to less arterial compliance [38]. A 

mechanically-induced, rapid dilatation has also been observed to occur in different 

experimental conditions and to anticipate slower metabolic dilatation  [39–41]. 

VII. Carbon Dioxide-Mediated Vasodilation  

Carbon dioxide causes dilatation of blood vessels; e.g., arterioles in skeletal muscle 

have been shown to vasodilate in response to hypercapnia  [42]. Whether this 

vasodilatory response is shared among the different segments of arterial 

microvasculature in skeletal muscles is not clear  [43], but an increased concentration 

of carbon dioxide in tissues is known to affect perfusion and hemoglobin capacity to 

release oxygen [44]. 
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Cerebral blood flow and its distribution are highly sensitive to changes in the partial 

pressure of arterial carbon dioxide [45] to the extent that 5% and 7% of CO2 in the 

inhaled air causes an increase in cerebral blood flow by 50% and 100%, respectively  

[46]. Hence, hypocapnia causes marked constriction of cerebral arteries and arterioles 

and a decrease in blood flow, while hypercapnia causes dilation and an increase in 

blood flow [46,47]. Several mechanisms governing hypercapnic vasodilation have been 

reported. The major proposed mechanism appears to be related to a direct effect of 

extracellular hydrogen ions on vascular smooth muscle [48]. This is supported by the 

observation that neither change in partial pressure of carbon dioxide nor bicarbonate 

ion alone affect the diameter of cerebral arteries. Other proposed mechanisms include 

vasodilator nitric oxide and prostanoid, however, the involvement of these mediators 

appears to be species-specific [10]. 

VIII. Oxygen-Mediated Vasodilation 

Brain has a very high oxygen requirement and is one of the most sensitive organs to 

hypoxia. Acute hypoxia produces marked cerebral blood flow increase via direct 

effects on vascular cells of cerebral arteries and arterioles  [49]. Hypoxia-induced drop 

in adenosine triphosphate levels opens potassium channels on smooth muscle and 

causes hyperpolarization and vasodilation [50]. In addition, hypoxia rapidly increases 

the local production of nitric oxide and adenosine which facilitate vasodilation. 

Chronic hypoxia increases cerebral circulation by affecting capillary density  [51,52]. 

Interestingly, cerebral blood flow increase does not affect metabolism, but arterial 

hemoglobin oxygen saturation decreases from ~100% at a tissue partial pressure of 

oxygen greater than 70 mmHg to ~50% at a tissue partial pressure of oxygen less than 

50 mmHg [53]. 
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In the skeletal muscle, during contraction, tissue partial pressure of oxygen decreases 

and may contribute to vasodilation leading to functional hyperemia which, in turn , will 

increase diffusion gradient and oxygen delivery [12]. 

IX. Segmental Vascular Resistance  

Both small arterioles and large arteries in the brain play a significant role in vascular 

resistance. In fact, direct pressure gradient measurement across different segments of 

the cerebral vasculature reveals that intracranial pial vessels and large extracranial 

vessels such as vertebral and internal carotid contribute ~50% of cerebral vascular 

resistance [54]. Interestingly, large cerebral arterial resistance is likely important to 

provide constant blood flow under physiological conditions e.g., metabolism that 

changes blood flow locally. The dilation of large arteries is important for the 

determination of microvascular perfusion and pressure, and to avoid the phenomena of 

vascular steal. Under control conditions, the blood perfusion to two different regions 

of the cerebrum is the same with a microvascular pressure of ~50 mmHg. Due to 

increased metabolism, regional cerebral blood flow increases, and in case of fixed 

resistance of upstream arteries, a decrease in microvascular pressure would take place 

thus causing decreased perfusion in the neighboring region (vascular steal). However, 

if large arteries dilate during these conditions, then microvascular pressure will be 

maintained thus preventing perfusion deficits [10]. The constriction of large cerebral 

arteries is also considered to be a protective mechanism from hypertensive states. 

C. Vascular Reactivity and Its Assessment 

The response of the vasculature to a specific stimulus including stress (e.g., cognitive 

tasks), metabolic (e.g., functional or active and reactive hyperemia), chemical (e.g., 

partial pressure of end-tidal carbon dioxide and pH), and mechanical (e.g., changes in 
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transmural pressure) is termed as vascular reactivity and it can be used to characterize 

the functionality of the vascular network. Whereas, vasodilation and vasoconstriction 

are the most common physiological responses to external stimuli due to the 

fundamental role of the vasculature to distribute and regulate blood flow via functional 

and structural mechanisms. The balance between vasoconstrictor and vasodilator 

factors ultimately defines wall tension, resistance, tone, and blood flow; which is of 

utmost importance when assessing vascular reactivity in any experimental setting.  A 

common example of vasodilatory response occurs during exercise as the oxygen 

consumption by skeletal muscles rapidly increases and therefore, it is necessary to 

increase the oxygen supply [55]. 

The vascular response can be measured in different ways (blood flow velocity, tissue 

oxygenation) using imaging techniques such as Doppler ultrasound, near-infrared 

spectroscopy, functional magnetic resonance, and positron emission tomography in 

healthy (physiological) and diseased (pathological)  conditions [56]. Here, I will 

describe the two noninvasive techniques that I employed in my research. 

I. Transcranial Doppler Ultrasound  

Transcranial Doppler is a noninvasive technique that enables us to monitor and, 

consequently, understand the changes in cerebral circulation under physiological and 

pathological conditions. It involves the use of a low-frequency (≤ 2 MHz) transducer 

either handheld or fixed in a headset to insonate the basal cerebral arteries through 

relatively thin bone windows. Therefore, it allows dynamic monitoring of cerebral 

blood flow velocity and pulsatility over extended periods of time [57]. 

In physical terms, the ultrasound wave emitted from the transducer crosses the skull 

and propagates through, and is reflected by brain tissue and blood vessels. The 

reflected wave from erythrocytes undergoes a change in frequency (Doppler shift) 
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directly proportional to the erythrocytes’ velocity [58]. This is mathematically 

expressed as: 

v =
c fd

2 f0 Cos θ
 

• v = blood flow velocity (cm/s) 

• c = incident wave speed (1.54 × 105 cm/s) [59] 

• fd = Doppler shift (Hz) 

• f0 = incident wave pulse frequency (Hz) 

• θ (Greek letter theta) = angle of the reflective wave relative to the 

direction of the vessel (blood flow) 

A cerebral artery can be insonated and recognized by appropriate selection of the 

acoustic window (either foramina or thin bone), depth of the sample volume, probe 

angle, flow direction, blood velocity, and vascular resistance (as inferred from the 

pulsatility of the signal) [58]. 

Four acoustic windows allow the sonographer to investigate cerebral hemodynamics in 

both the anterior and posterior circulation. The transtemporal window (the primary 

window of the anterior circulation) allows for insonation of the middle cerebral artery, 

the anterior cerebral artery, the posterior cerebral artery, and the intracranial portion of 

the internal carotid artery. The transorbital window allows for the evaluation of the 

ophthalmic vessels and the carotid siphon. The submandibular window allows for  the 

evaluation of the extracranial portion of the internal carotid artery. Lastly, the 

suboccipital/transforaminal window is used to assess the vertebrobasilar system of the 

posterior circulation [60]. 
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Mean flow velocity is the central parameter , derived from the spectral envelope of the 

Doppler signal [61] as indicated by the following formula (or obtained by low-pass 

filtering the spectral outline): 

Mean Flow Velocity =
(Peak Systolic Velocity cm/s + [End Diastolic Velocity cm/s × 2])

3
 

Cerebral blood flow velocity is inversely proportional to v iscosity and hematocrit  

[62,63]. The device also reveals Pourcelot’s resistivity index  and Gosling’s pulsatility 

index to estimate downstream resistance in cerebral circulation [61], while Lindegaard 

ratio allows differentiation between hyperdynamic flow and vasospasm [58]. The 

equations are expressed as:  

Pourcelot’s Resistivity Index =
Peak Systolic Velocity (cm/s) – End Diastolic Velocity (cm/s)

Peak Systolic Velocity (cm/s)
 

Gosling’s Pulsatility Index =
Peak Systolic Velocity (cm/s) – End Diastolic Velocity(cm/s)

Mean Flow Velocity (cm/s)
 

Lindegaard Ratio =
Middle Cerebral Artery Mean Flow Velocity (cm/s)

Extracranial Internal Carotid Artery Mean Flow Velocity (cm/s)
 

Further, cerebrovascular reactivity (to a dilatory stimulus such as carbon dioxide), 

conductance [64] and resistance indices [65,66] can also be calculated based on the 

following formula: 

Cerebrovascular Reactivity =
Δ Cerebral Blood Flow Velocity (cm/s)

Δ Partial Pressure of End − Tidal Carbon Dioxide (mmHg)
 

Cerebrovascular Conductance Index =
Cerebral Blood Flow Velocity (cm/s)

Mean Arterial Blood Pressure (mmHg)
 

Cerebrovascular Resistance =
Mean Arterial Blood Pressure (mmHg) −  Mean Intracranial Pressure (mmHg)

Cerebral Blood Flow Velocity (cm/s)
 

Cerebrovascular Resistance Index =
Mean Arterial Blood Pressure (mmHg)

Cerebral Blood Flow Velocity (cm/s)
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To conclude, the noninvasiveness, repeatability, portability and high temporal 

resolution of transcranial Doppler ultrasound have promoted its use, especially in 

continuous bedside monitoring of cerebral hemodynamics. 

II. Near-Infrared Spectroscopy 

Near-infrared spectroscopy is a noninvasive optical imaging technique that allows the 

penetration of near-infrared light (wavelength range from 700 to 900 nm) for the 

continuous real-time assessment of tissue blood volume and oxygenation [67,68]. In 

fact, three important chromophores for this technique are cytochrome c oxidase (CcO), 

deoxyhemoglobin (HHb), and oxyhemoglobin (O2Hb), while the concentration of these 

varies with oxygenation and metabolic status of tissue under investigation [69]. Each 

chromophore has a unique absorption spectrum, where the specific extinction 

coefficient is expressed as a function of wavelength [68]. Although CcO is a 

mitochondrial enzyme that changes with intracellular oxygenation status, its 

concentration is not entirely the result of changes in oxygen availability and its signal 

is ten times smaller than hemoglobin [70]. Therefore, HHb and O2Hb are taken into 

consideration during measurement as they are responsible for the transport, delivery , 

and removal of carbon dioxide and oxygen [71]. This technique is based on the 

modified Beer-Lambert law [72] and mathematically expressed as:  

A = lo g (
I

I0
) = ε × [C] × d × DPF + G 

• A = light attenuation 

• I = emerged light 

• I0 = incident light 

• ε = specific extinction coefficient  
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• C = chromophore concentration 

• d = inter-optode distance 

• DPF = differential path-length factor 

• G = loss fraction of light due to scattering 

So far, three main categories of near-infrared spectroscopy i.e., frequency domain, 

time domain, and continuous wave have been developed, each with various levels of 

complexity and distinct types of information they can retrieve [72,73]. Here, I will 

focus on spatially resolved spectroscopy that is categorized under continuous wave 

spectroscopy and provides tissue oxygenation and blood volume by the tissue 

oxygenation index, expressed in %, and the tissue hemoglobin index, expressed in 

arbitrary units (a.u.), respectively. Whereas Beer-Lambert parameters indicate changes 

in the concentration of oxyhemoglobin + oxymyoglobin (O2Hb), deoxyhemoglobin + 

deoxymyoglobin (HHb), and total hemoglobin (tHb = O2Hb + HHb), expressed in 

μmol/L. 

A particular feature of spatially resolved spectroscopy is its capacity to focus the 

measurement in depth thus excluding the hemodynamic contribution from superficial 

tissue, namely the skin and subcutaneous tissues [69]. This is relevant for both muscle 

and cerebral studies as changes in cutaneous circulation may take place during 

exercise for thermoregulatory reasons [74] as well as on the scalp due to sympathetic 

activation e.g., during cognitive tasks, emotional stimulation, or vegetative tests [75–

77]. 

It is well known that near-infrared spectroscopy does not provide a direct measurement 

of blood flow. However, if a condition of constant metabolism can be hypothesized 

(e.g., in completely relaxed muscles), changes in blood flow would be associated with 
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concordant changes in tissue oxygenation and, consequently, changes in oxygenation 

may be used as a surrogate of blood flow [78]. To conclude, this hemodynamic 

technique has several advantages including a high degree of sensitivity and selectivity 

to extracranial and intracranial changes [79] and allows measurements with a high time 

resolution and a good signal-to-noise ratio [80]. 

D. Hypnotizability and Its Assessment 

Susceptibility to hypnosis or hypnotizability are usually associated with the proneness 

to modify perception, memory, and behavior according to mental images [81]. In 

particular, the individuals scoring high on hypnotizability scales can reduce their 

perception of acute, procedural, and chronic pain through their own cognitive 

strategies [82]. Hypnotizability, however, is a very pervasive psychophysiological and 

dispositional trait characterized by different attentional abilities, sensory-cognitive 

information processing, and cardiovascular control  [83] as well as by structural and 

functional brain variants [84–86]. It can be measured by various scales focused on 

behavior and/or experience [87]. 

The scale used in the reported studies is the Italian version of the Stanford Hypnotic 

Susceptibility Scale [88]. It includes motor and cognitive items indicating motor 

inhibition, hallucination, and dissociation abilities and its administration  requires ~20 

min [88]. It classifies subjects through 12 items that can be passed or not passed 

(score: min 0 and max 12) and can be divided into three groups [89]. Namely, 

• Lows (score: 0 – 4 out of 12) 

• Mediums (score: 5 – 7 out of 12) 

• Highs (score: 8 – 12 out of 12) 
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Alternatively, if the subjects are less than they can be divided into two groups and in 

this case, subject with a score of 6 will be excluded [88,90,91]: 

• Low-to-Medium (Med-Lows range: 0 – 5)  

• Medium-to-High (Med-Highs range: 7 – 12) 

Though, some researchers and clinicians use alternative scales, such as Hypnotic 

Induction Profile and Harvard Group Scale of Hypnotic Susceptibility, perhaps 

Stanford Hypnotic Susceptibility Scale remains the gold standard for the reliable 

measurement of hypnotic susceptibility [92]. 

E. Masticatory and Limb Muscles 

Human masticatory muscles are skeletal muscles, categorized into elevator (masseter, 

temporalis, and medial pterygoid) and depressor (lateral pterygoid, digastric, 

mylohyoid, and geniohyoid) muscles [93]. 

The masseter muscle is a composite masticatory multipennate jaw-closing muscle with 

superficial, intermediate, and deep portions with three heads that originate from the 

zygomatic arch [93]. The contraction force of the superficial portion of this muscle 

results in elevation, contralateral movements, and mandibular protrusion. The 

intermediate and deep portions of this muscle allow retrusive mandibular movements 

together with the action of the pterygoid muscles, which also favors contralateral and 

ipsilateral movements during mandibular elevation [94]. 

Compared to limb and trunk muscles, the masticatory muscles: a) possess a higher 

percentage of hybrid fibers, and express more type I, type II, and fetal myosin heavy 

chain isoforms; b) present a smaller volume of single fibers [95]; and c) present a 

higher capillary density [96]. More specifically, type I fibers are more abundant in 

percentage and associated with higher expression of myosin light chain in the masseter 
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than limb and trunk muscles [97]. The numerous type I fibers with a small cross-

sectional area in the masticatory muscles could facilitate greater nutrient and oxygen 

exchange with the extracellular environment, and increase fiber resistance to fatigue 

[95]. These muscles resist fatigue better than upper limbs due to the rich capillary 

supply and comparatively high oxidative enzyme activity in the type II fibers. Hence, 

in masticatory muscles, a finer gradation of force and contraction speeds is possible 

than in limb and trunk muscles. The presence of localized motor unit territories and 

task-specific motor unit activity facilitates differential control of separate muscle 

portions [98]. The differences during complex functional tasks (such as mastication, 

postural control, and facial expression), reflect a relatively higher need and demand for 

blood supply in the masticatory and orofacial muscles [96]. 

F. Muscle Activity and Its Assessment  

The electrical activity of the muscles is generated by the firing of motor neurons and 

causes skeletal muscle fibers to contract. This muscle activity can be detected using 

electromyography to provide information on the recruitment and firing patterns of 

motor units within the muscle. There are two main types of electromyography: a) 

surface electromyography (which involves placing surface electrodes on the skin above 

the muscle); and b) intramuscular electromyography (which involves placing fine-wire 

or needle electrodes directly in the muscle) [99]. 

In humans, surface electromyography can be measured using either single differential 

or multi-differential electrodes noninvasively. Single differential electrodes consist of 

two small metal plates that are placed on the skin surface directly over the muscle of 

interest. Multi-differential electrodes consist of an array of electrodes that are placed 

at multiple locations on the muscle surface, providing more detailed information on  the 

propagation and distribution of action potentials over the muscle's surface [100]. 
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Surface electromyographic activity can be quantified in terms of amplitude (root mean 

square) and frequency (median/mean/peak) of the power spectrum: the former depends 

on the recruitment and firing rate of motor units and may be used as an index of 

contraction intensity; the latter may be an index of fatigue development, as the power 

spectrum tends to shift towards lower frequencies with increasing muscle fatigue.  

However, surface electromyography is also affected by skin impedance, electrode 

placement, and crosstalk from adjacent muscles, which can affect the accuracy and 

reliability of the recordings. Additionally, it can only provide information on the 

muscle’s electrical activity and does not provide direct information on muscle force or 

contractile properties [101]. 

Overall, surface electromyography is a valuable tool to study the relationship between 

muscle activity and other physiological measures such as heart rate variability and 

blood pressure [78]. Its non-invasive nature, ease of use, and ability to provide 

detailed information on individual muscle activation patterns and the effects of various 

interventions on muscle activity make it a popular choice in research and clinical 

settings.  
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AIMS OF THE THESIS 

In this thesis the multifaceted control of blood flow is investigated to address specific 

physiological issues of cerebral and muscle circulation. 

A. Assessment of Cerebrovascular Reactivity in Hypnotizable vs. 

Non-Hypnotizable Subjects 

Previous studies evidenced hypnotizability-related differences in the control of 

peripheral circulation. Particularly, the research was motivated by the observation that 

brachial artery post-occlusion flow-mediated dilatation is differently affected in low- 

and high-hypnotizable groups of individuals. In the latter, flow-mediated dilatation 

was neither influenced by mental stress nor nociceptive stimulation, as compared t o 

lows with decreased flow-mediated dilatation [102,103]. Based on functional magnetic 

resonance imaging, Hoeft et al. reported greater resting state brain sub-region 

functional connectivity between the left dorsolateral prefrontal cortex and the dorsal 

anterior cingulate cortex among highs compared to lows [104]. Also evidenced by the 

multiple reports of highs’ higher absorption in cognitive tasks as compared to lows 

[86,105,106], measured by the Tellegen Absorption Scale [107]. Moreover, topological 

analysis using electroencephalography revealed that purely sensory stimulation may be 

processed differentially by med-highs and med-lows, as suggested for the sensorimotor  

actual and imagined information [108]. Whereas, there was no information on possible 

hypnotizability-related influence on cerebral circulation.  Therefore, different types of 

cerebrovascular reactivity to cognitive (mental computation and trail making tasks), chemical 

(hyperventilation and rebreathing), and sensory (visual) stimuli are investigated with 

transcranial Doppler ultrasound and near-infrared spectroscopy techniques. Hence, I addressed 

the following questions in Papers I to III related to cerebral circulation in healthy humans. 
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a) Whether middle cerebral artery flow velocity is influenced by hypnotizability 

during hyperventilation, rebreathing, mental computation, and trail making tasks 

(Paper I). 

b) Whether changes in partial pressure of end-tidal carbon dioxide, heart rate, and 

arterial blood pressure are associated with changes in middle cerebral artery flow 

velocity in med-low and med-high hypnotizable subjects (Paper I). 

c) Whether neurovascular coupling is differentially associated with med-low and 

med-high hypnotizable subjects during cognitive (mental computation and trail 

making) tasks (Paper II). 

d) Whether posterior cerebral artery flow velocity is influenced by 

hypnotizability during visual stimulation (Paper III). 

B. Assessment of Vascular Reactivity to Stress in Masticatory and 

Limb Muscles 

The research was motivated by the fact that different patterns of sympathetic activation may be 

elicited by different stressors (stressor-specificity) [109,110], with differential activation to the 

various organs and tissues [111]. There is evidence that sympathetic outflow also varies 

depending on the body area, e.g., in arms and legs [112,113]. In some cases, dilatory responses 

to stress were reported in the masseter muscle [114]. Whether a differentiated hemodynamic 

response to stress also concerns the skeletal muscles of the head is unclear. To our knowledge, 

no comparative studies based on the simultaneous recording from head and limb 

muscles were ever reported. I focused on two human masticatory muscles (masseter 

and temporalis). Among head muscles, temporalis muscle hemodynamics is rarely 

investigated and previous research lacks evidence regarding the possible interference 

from brain hemodynamics. To address this issue, I establish a technique based on near -
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infrared spectroscopy for reliable monitoring of muscle hemodynamics. Further, this 

technique helps me to monitor two masticatory muscles (masseter and temporalis) 

simultaneously in response to stress.  To achieve the above aims, I addressed the 

following specific aims in Papers IV to VI related to skeletal muscle hemodynamics 

in healthy humans. 

a) To investigate whether the masseter and biceps brachii muscles’ blood flow is 

differentially controlled in a stressor-dependent way (Paper IV). 

b) To address the reliability of near-infrared spectroscopy monitoring in detecting 

hemodynamic changes in the temporalis muscle to rule out the possible 

inference from cerebral hemodynamics (Paper V). 

c) To investigate and compare the sympathetic hemodynamic effects in masseter 

and temporalis muscles in a stressor-dependent way (Paper VI). 

d) To test whether the absence of stress-induced vasoconstriction was peculiar to 

masseter muscle or rather a common feature of head muscles (Paper VI). 

C. Additional Research 

In addition, I had got a couple of collaborative opportunities (in this limited doctoral time 

period, while managing allied administrative matters simultaneously) to participate in research 

activities that are only partially related to the above-stated aims. The outcomes of the published 

research (from Paper VII to XIV) are, therefore, not included in the main results but are 

provided in the appendix (at the end of this doctoral thesis). 
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A B S T R A C T   

Susceptibility to hypnosis is a very pervasive psychophysiological trait characterized by different attentional 
abilities, information processing, and cardiovascular control. Since near infrared spectroscopy is a good index of 
neurovascular coupling, we used it during mental computation (MC) and trail making task (TMT) in 13 healthy 
low-to-medium (med-lows) and 10 healthy medium-to-high (med-highs) hypnotizable participants classified 
according to the Stanford Hypnotic Susceptibility Scale, form A, and characterized for the level of proneness to be 
deeply absorbed in related experiences by the Tellegen Absorption Scale. The med-highs reported greater ab-
sorption than med-lows. The tissue hemoglobin index (THI) and the tissue oxygenation index (TOI) increased 
across the tasks only in med-highs who displayed also different time courses of THI and TOI during MC and TMT, 
which indicates different tasks processing despite the two groups’ similar performance. The findings suggest that 
med-highs’ tissue oxygenation is more finely adjusted to metabolic demands than med-lows’.   

1. Introduction 

Susceptibility to hypnosis, or hypnotizability, indicates the disposi-
tion to modify perception, memory, and behavior according to mental 
images, is stable through life [1] and is measured by standard scales [2]. 
High hypnotizability is associated with individual differences – most 
importantly, greater absorption [3] and stronger functional equivalence 
between imagery and perception/action [4] – and with physiological 
correlates in the sensorimotor and cardiovascular domains [5]. High 
hypnotizable persons (highs) do not reduce their brachial artery 
post-occlusion flow-mediated dilation during mental computation (MC), 
in contrast to low hypnotizable individuals (lows) and to the general 
population [6,7]. Moreover, the cerebrovascular reactivity during hy-
perventilation correlates with systemic blood pressure in participants 
with medium-to-high hypnotizability scores (med-highs) and with par-
tial pressure of end-tidal CO2 in those with low-to-medium (med-lows) 
hypnotizability [8]. Both findings can be accounted for by larger 
availability of endothelial nitric oxide in highs. 

The present study was motivated by the multiple reports of highs’ 
higher absorption in cognitive tasks with respect to lows [3,9–11]. The 
association between high hypnotizability and high Tellegen Absorption 

Scale (TAS) scores, however, depends on specific tasks [12] and, in fact, 
recent findings did not support such association [13]. In addition, both 
Corsi and Digit Span tests failed to detect significant differences between 
highs, mediums and lows in working memory (WM), which is involved 
in many if not most high level cognitive tasks [14]. 

The near-infrared spectroscopy (NIRS) is a method suitable to detect 
hypnotizability-related brain activation during cognitive tasks. 
Compared to transcranial Doppler, it focuses the measurement on a 
much smaller sample volume, and it is sensitive to hemodynamic 
changes at the capillary level [15]. Thus, it can be more directly 
correlated to neuronal activity. Frontal NIRS reliably indicates cognitive 
activities, as activation of the frontal cortex has been associated with 
WM [16], which is responsible for temporary maintenance and manip-
ulation of the information required by complex tasks [17]. During WM 
tests, NIRS has shown increased tissue oxygenation index (TOI) and/or 
decreased deoxygenated hemoglobin in healthy individuals [18–20]; 
whereas reduced WM-related frontal oxygenation has been observed in 
patients with attention deficit hyperactive disorder [21], mild cognitive 
impairment [22], schizophrenia [19] and major depression [23,24]. 
Moreover, increased levels of mental workload during WM tasks have 
been associated with increased frontal TOI [25]. 

Abbreviations: WM, Working memory; NIRS, Near-infrared spectroscopy; MC, Mental Computation; TMT, Trail Making Task; SHSS, Stanford Hypnotic Suscep-
tibility Scale; TOI, Tissue Oxygenation Index; THI, Tissue Hemoglobin Index. 
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Since NIRS is an optimal indicator of neuronal activity, the aim of the 
present study was to measure frontal NIRS during MC and trail making 
task (TMT) in med-highs and med-lows. Greater absorption is expected 
to be associated with stronger neurovascular coupling that is the hy-
peremia induced by cerebral metabolic activity. 

2. Materials and methods 

2.1. Ethical approval 

After approval from the Ethics Committee of the University of Torino 
(# 219859; April 8, 2021), the frontal NIRS signal was recorded in 23 
subjects (age: 26.1 ± 4.6 years; 12 females and 11 males) enrolled in 
earlier studies [8] after signing an informed consent. 

Anamnesis was negative for medical, neurological and psychiatric 
disease. None of them reported taking drugs in the last three months, 
sleep or attention disturbance. All of them had obtained a master degree, 
thus their education level was homogeneous. 

2.2. Experimental procedure 

Hypnotic assessment was performed two months later than NIRS 
recording [8] using the validated Italian version of the Stanford Hyp-
notic Susceptibility Scale (SHSS), form A [26,27]. It classifies subjects 
through 12 items which can be passed or not passed (score: min 0, max 
12). Thirteen participants exhibited hypnotizability scores from 
low-to-medium (med-lows range: 0-5; mean ± SD: 1.38 ± 1.98), while 
ten participants displayed medium-to-high hypnotizability (med-highs 
range: 7-9; mean ± SD: 8.10 ± 0.74); excluding one participant with 
SHSS score of 6. On the day of hypnotic assessment, participants 
completed TAS [3], which consists of 34 items and measures the 
disposition to be absorbed in mental events (score: min 0, max 34). 

After hypnotic assessment, further participants could not be enrolled 
due to the limited availability of the instruments. The recordings had 
been performed in a quiet, sound and light attenuated, temperature (21- 
23◦C) controlled room between 5 to 7 PM, at least 2 hours after the latest 
food and caffeine or alcohol intake, as self-reported during signing the 
informed consent form. The participants had been invited to relax on an 
armchair for 20 minutes. Then, that they had completed a random 
sequence of four tasks (hyperventilation, rebreathing, MC, TMT) sepa-
rated from each other by 5 minutes rest (Baseline, B). An experimenter 
sitting nearby had provided start and stop instructions. The arterial 
blood pressure, partial pressure of end-tidal CO2, heart rate and middle 
cerebral artery flow velocity had been monitored throughout the 
experiment. The hemodynamic response to hyperventilation, rebreath-
ing, MC, TMT have been reported in an earlier paper [8]. During MC and 
TMT, hemodynamic responses at frontal level had also been monitored 
by NIRS. 

2.3. Tasks 

MC consisted of progressively subtracting the odd numbers (1, 3, 5, 
and so) from 1000 for 180-sec while writing the outcome on a sheet of 
paper. One operator standing behind the subject monitored the outcome 
and compared it to a table reporting the correct one, promptly asking the 
subject to repeat the calculation in case of mistake. The performance was 
evaluated as the number of subtractions performed in 180-s time. 

In TMT [28], the participants had to connect with lines the numbers 
(1 to 21) and 21 Italian letters (A to Z) in ascending sequence on the 
paper over 180-sec with alternating numbers and letters (1 – A – 2 – B – 3 
– C and so). The performance was evaluated as the number of lines 
drawn in 180-s time. 

Both tasks included a minimal sensorimotor component (writing 
numbers for MC, drawing lines for TMT). 

2.4. Variables 

The continuous-wave NIRS (NIRO-200NX, Hamamatsu Photonics, 
Hamamatsu, Japan) was adopted to monitor cerebral hemodynamics 
from the frontal lobe. The spatially-resolved spectroscopy method [29] 
was preferred to the Beer-Lambert method [30] due to its capacity to 
detect the cerebral rather than the cutaneous tissues [31,32]. The 
following variables were considered: tissue hemoglobin index (THI), 
which represents the total hemoglobin content and is conventionally set 
to 1 at the beginning of the baseline condition, and TOI, which repre-
sents the percentage of oxygenated hemoglobin. The signals were digi-
tally sampled (CED Micro 1401, Cambridge Electronic Design, 
Cambridge, UK) at 100 Hz and stored for further analysis (Spike2 ver. 
9.14, Cambridge Electronic Design, Cambridge, UK). 

2.5. Statistical analysis 

We used MATLABⓇ ver. R2022a (The MathWorks, Natick, MA, USA) 
to analyze signals and the Statistical Package for Social Sciences (SPSS) 
ver. 28.0 (SPSS Inc., Chicago, IL, USA) for statistical analyses. The 
baseline (B) values of NIRS variables were taken over a 20-s interval 
preceding the beginning of the task (MC and TMT), while the task effect 
was assessed over three consecutive 60-sec sub-periods (T1, T2, T3) to 
study the NIRS variables time course. 

One outlier was excluded from THI analysis. Owing to the nature of 
the variables (see Section 2.4), we used nonparametric statistics to 
compare med-highs’ and med-lows’ THI and TOI as well as TAS and the 
performance during MC and TMT (Kolmogorov-Smirnov test). Within 
subjects, THI and TOI time courses i.e., over T1, T2, and T3 were than 
studied in comparison to B and between each other; MC and TMT values 
of THI and TOI were compared (Wilcoxon test). The level of significance 
was set at p = 0.05. Results are reported as mean ± standard deviation 
(SD), unless stated otherwise. 

3. Results 

3.1. Self-reports 

TAS scores were significantly higher (Z = 1.774, p = 0.004) in med- 
highs (16.89 ± 4.54) than in med-lows (7.37 ± 4.12), while t-test 
confirmed a significant difference between two groups (p = 0.0001). 

The two groups exhibited the same level of performance for both MC 
(med-highs: 10.80 ± 3.16; med-lows: 11.92 ± 3.82) and TMT (med- 
highs: 8.70 ± 2.58; med-lows: 9.54 ± 2.99). 

3.2. Near-infrared spectroscopy 

No significant differences were observed between groups in THI and 
TOI values computed over B, T1, T2 and T3 for both TMT and MC. The 
variables time courses were different in the two groups (Table 1, Fig. 1). 

3.2.1. Trail making task 
Med-lows did not exhibit any significant difference in THI between B 

and subperiods as well as between subperiods. Their TOI showed only a 
trend to increase between T1 and T2 (Z = 1.89, p = 0.059). In contrast, 
in med-highs THI decreased significantly in T1 with respect to B 
(Z = 2.05, p = 0.040), while TOI increased in T2 with respect to T1 
(Z = 1.99, p = 0.047), and recovered its basal values in T3. Thus, only 
med-highs exhibited time related changes in THI and TOI. 

3.2.2. Mental computation 
Med-lows’ THI did not show significant differences between B and 

tasks subperiods as well as between task subperiods, whereas med-highs 
showed an increase in T2 (Z = 2.32, p = 0.020) and T3 (Z = 1.930, 
p = 0.054) compared to B and in T3 compared to T2 (Z = 2.00, 
p = 0.046). 
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Med-lows’ TOI decreased in T1 with respect to B (Z = 1.96, 
p = 0.050), and increased in T3 with respect to T2 (Z = 2.13, p = 0.033) 
and did not differ between B and the other subperiods. In med-highs, 
Wilcoxon test failed to identify differences between B and task sub-
periods. Thus, during MC med-highs maintained their basal value of TOI 
throughout the task, whereas med-lows initially decreased their TOI, 
then recovered B. 

3.2.3. Comparison between TMT and MC 
No significant difference between TMT and MC was observed in med- 

lows in both THI and TOI. In contrast, med-highs did not show signifi-
cant differences in THI but exhibited significantly higher TOI values 
(Fig. 2) in MC than TMT during T1 (Z = 2.29, p = 0.022) and T3 
(Z = 2.191, p = 0.028) and as a trend to significant higher values during 
T2 (Z = 1.89, p = 0.059), with no difference in B. 

4. Discussion 

Med-highs reported greater absorption than med-lows and similar 
performance. During cognitive tasks only med-highs increased their 
mean cerebral blood supply (THI) and exhibited larger mean TOI during 
mental computation than trail making task. 

The same behavioral performance observed in the two groups seems 
to accord with the absence of mean differences between med-highs and 
med-lows in NIRS variables. Nonetheless, the absence of significant 
differences in mean THI and mean TOI between groups may depend on 
the variables different time courses, which suggest different ways to 
perform the tasks. 

During TMT an initial decrease in THI was observed only in highs, in 
agreement with the decrease observed during a motor task triggered by 
an external cue, like our tests are, whereas self-initiated actions are not 
associated with any initial decrease [33]. It could be due to the vascular 
reaction to the increase in systemic blood pressure [8] inducing a 
reactive vasoconstriction [34,35] successively overcome by functional 
hyperemia, whereby the local increase in perfusion exceeds the increase 
in metabolic activity [36]. The extent of such increase may be related to 
the extent of neuronal activation, possibly dependent on cognitive 
engagement and/or on the effectiveness of the neurovascular coupling. 
Med-highs functional hyperemia could be due to larger synaptic gluta-
mate release, which increases the astrocytes’ calcium mediated dilatory 
actions through large release of nitric oxide [36,37], in accordance with 
what was observed at peripheral level [6,7]. Highs, indeed, respond to 
cognitive tasks with larger glutamatergic cortical activity [11]. 

Since the increase in systemic blood pressure during both tasks was 
similar in the two groups [8], but only med-highs exhibited the initial 
reduction in THI, med-highs’ vessels smooth cells display greater 
sensitivity than med-lows to blood pressure changes, as observed during 
hyperventilation [8]. Moreover, in med-highs the initial decrease in THI 
(T1 < B) may be responsible for the absence of changes in TOI in T1 
followed by later increase in TOI in T2 when THI recovers B. 

In med-highs greater cognitive demand by MC with respect to TMT 
may have overcome the initial vasoconstriction observed during TMT. 
Internally directed cognition like MC is in fact characterized by greater 
cognitive load with respect to tasks requiring an external focus of 
attention like TMT [38]. Med-highs performed such highly demanding 
attentional tasks through progressive increase in THI and slight pro-
gressive increase in TOI, so that their TOI during the three subperiods of 
MC were higher than during TMT. Importantly, these differences 
occurred in the presence of similar increase in systemic blood pressure 
[8]. 

Table 1 
Tissue Oxygenation Index (TOI) and Tissue Hemoglobin Index (THI) time course 
(mean, SD).  

Condition Variable med-lows med-highs 

TMT  Mean SD Mean SD  

TOI (%)  71.48  4.76 71.90 5.81 

B      
T1 
T2 
T3  

71.51 
71.83 
71.84 

4.74 
4.75 
4.84 

71.70 
72.00 
72.05 

5.98 
5.93 
5.63 

B THI (a.u.) 1.02 0.11 0.99 0.05 
T1 
T2 
T3  

1.01 
1.02 
1.02 

0.11 
0.11 
0.11 

1.00 
1.00 
1.01 

0.05 
0.05 
0.07 

MC      

B TOI (%) 71.50 5.48 72.25 5.73 
T1 
T2 
T3  

71.09 
71.24 
71.40 

4.58 
4.47 
4.14 

72.33 
72.61 
72.75 

5.80 
5.93 
6.09 

B THI (a.u.) 1.03 0.12 1.02 0.16 
T1 
T2 
T3  

1.02 
1.02 
1.02 

0.11 
0.10 
0.11 

1.02 
1.03 
1.03 

0.15 
0.15 
0.15 

Note: B: baseline 0-20 s; T1: task 0-60 s; T2: task 60-120 s; T3: task 120-180 s 

Fig. 1. Tissue Oxygenation Index time course during mental computation and 
trail making task (mean, standard error of the mean). The gray and black bar at 
the bottom indicate the baseline (B) and task subperiods (T1: 20-80 s, T2: 80- 
140 s and T3: 140-200 s), respectively. 

Fig. 2. Tissue oxygenation index during mental computation and trail making 
task (mean, standard error of the mean) in med-highs. (*) and (#) indicate 
statistically and quasi significant differences between TMT and MC, 
respectively. 
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Med-highs’ higher score of absorption accords with part of earlier 
literature [10,13] and seem to contrast with the similar performance of 
med-highs and med-lows. In this respect, more sophisticated hypnotic 
assessment, that is the evaluation of single items rather than the scales 
total score, could be more informative on the individual cognitive 
abilities [39] and better predict the performance during cognitive tasks. 
Moreover, we enrolled mediums scoring 7 together with highs in the 
med-highs group and mediums scoring 5 together with lows in the 
med-lows group and could not enroll very high hypnotizable partici-
pants (SHSS scores > 9 out of 12). 

A limitation of the study is the availability of NIRS at the frontal lobes 
only. Nonetheless, it has been shown that both purely cognitive tasks 
and exercise can activate the orbitofrontal cortex [40]. Other limitations 
are that we cannot exclude the difference in the sensorimotor compo-
nent of the two tasks which may influence this finding, and that the 
small sample size did not allow to study highs, lows and mediums, who 
represent the largest part of the population, separately [41], and to 
investigate gender differences, which are present in most cognitive tasks 
[42]. Finally, we are aware that the self-reports of cognitive load and 
more sophisticated signal analysis might improve the significance of 
results [43,44]. 

To conclude, cognitive tasks were processed by med-highs and med- 
lows differentially. Only med-highs exhibited evidence of functional 
hyperemia (increase in tissue oxygenation, possibly accompanied by 
increase in blood volume), and of differences between mental compu-
tation and trail making task. Thus, med-highs seem more responsive 
than med-lows to specific cognitive demands. An open question is 
whether their stronger vascular response is a correlate or the cause of 
their greater disposition to be absorbed in mental tasks. 
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A B S T R A C T   

Hypnotizability is a trait associated with several physiological correlates including cardiovascular control. The 
present study aimed to investigate the posterior cerebral artery flow velocity (PCAv) in basal closed eyes (B) and 
during visual stimulation (VS) conditions in med-highs and med-lows. Twenty-four healthy volunteers were 
submitted to the hypnotic assessment through the Stanford Hypnotic Susceptibility Scale, form A which classified 
13 low-to-medium (med-lows) and 10 high-to-medium (med-highs) hypnotizable participants. One subject 
scoring 6 out of 12 was excluded from the comparisons between groups. Arterial blood pressure, heart rate, and 
partial pressure of end-tidal CO2 were monitored during both B and VS conditions. Simultaneously, PCAv was 
assessed by transcranial Doppler. Cerebrovascular Reactivity (CVR) was computed as a percentage of the PCAv 
change occurring during VS with respect to B (ΔPCAv). During VS both groups increased their PCAv (mean ± SD: 
7.9 ± 5.2 %) significantly with no significant group difference. However, among med-highs, CVR was negatively 
correlated with hypnotizability scores. Thus, higher hypnotizability may be associated with lower metabolic 
demand in response to VS only within med-highs hypnotizable participants.   

1. Introduction 

The cognitive trait of hypnotizability, as measured by standardized 
scales, is associated with several physiological correlates (Santarcangelo 
and Scattina, 2019). They include a more pronounced parasympathetic 
control of heart rate during long-lasting relaxation (Santarcangelo et al., 
2012) and less reduced brachial artery post occlusion flow-mediated 
dilation in highly hypnotizable participants (highs) with respect to 
low hypnotizables (lows) during mental computation and nociceptive 
stimulation, which indicates larger availability of nitric oxide (NO) in 
highs (Jambrik et al., 2005; Jambrik et al., 2004). Recent research 
showed that during cognitive tasks only med-highs significantly modu-
late their neurovascular coupling in the presence of arterial blood 
pressure increase similar to med-lows (Rashid et al., 2022), whereas, 
there is no information on possible hypnotizability-related influence on 
blood flow velocity during a purely sensory stimulation. 

Large variations in cerebral blood flow and other vascular responses 
between and within-subjects have been observed during visual 

stimulation (VS). The variability in oxidative demand (Leontiev and 
Buxton, 2007) and vascular tone (Ito et al., 2008) may partly explain 
cerebral blood flow variability both at baseline and during VS (Ho et al., 
2011; Leontiev and Buxton, 2007; Paulson et al., 2010). In both humans 
(Dorner et al., 2003) and cats (Kondo et al., 1997), systemic adminis-
tration of non-selective nitric oxide synthase (NOS) inhibitors reduces 
visually-evoked increases in blood flow. In addition, the reduction of 
NOS activity in the cerebral cortex by topical administration of a 
neuronal NOS inhibitor results in the reduction of functional hyperemia 
(Lindauer et al., 1999), and the response is restored when NO levels are 
raised by the addition of an NO donor. However, functional hyperemia 
in the cortex is not diminished when neuronal NOS activity is reduced by 
genetic manipulation (Ma et al., 1996). These results suggest that NO is a 
modulator of neurovascular coupling although probably not an essential 
factor. Other vasodilatory agents including K+, arachidonic acid me-
tabolites prostaglandin E2 and epoxyeicosatrienoic acids are released 
from glial cells upon the action of several transmitters, acting on glial 
metabotropic receptors, during increased neuronal activity (Newman, 

Abbreviations: NO, nitric oxide; VS, visual stimulation; NOS, nitric oxide synthase; PCAv, posterior cerebral artery flow velocity; B, baseline closed eyes; SHSS, 
Stanford Hypnotic Susceptibility Scale. 
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2013). 
VS may be processed differentially by med-highs and med-lows, as 

suggested for sensorimotor actual and imagined information by topo-
logical analysis of the highs’ and lows’ electroencephalography (Ibáñez- 
Marcelo et al., 2019). In fact, that study reported hypnotizability-related 
differences suggesting a distributed processing of sensorimotor infor-
mation in highs and a more localized processing in lows. Such different 
modes of information processing may be associated with different ce-
rebrovascular response to sensory stimulation. Thus, the present study 
aimed to investigate whether this occurs during VS by analyzing the 
blood flow velocity in the Posterior Cerebral Artery (PCAv) in baseline 
closed eyes (B) and VS conditions in healthy med-highs and med-lows. 

2. Materials and methods 

2.1. Ethical approval 

The investigation was approved by the Institutional Review Board (# 
219859) and was conducted according to the Declaration of Helsinki. All 
subjects signed informed consent for hypnotic assessment and utiliza-
tion of their physiological signals acquired two months earlier for the 
present and an earlier study (Rashid et al., 2022). 

2.2. Subjects 

Twenty-four healthy university students (12 males; age: 26.1 ± 4.5 
years) who had joined an earlier study of cerebrovascular reactivity 
(Rashid et al., 2022) were enrolled in this study. Participants did not 
report medical, neurological, and psychiatric disease, sleep and atten-
tion disturbance, substance abuse throughout their life, drugs intake in 
the last three months. 

2.3. Experimental procedure 

Experiments were conducted in a quiet, sound, and light attenuated, 
temperature-controlled (21–23 ◦C) room between 5 and 7 PM, at least 3 
h after the latest food and caffeine or alcohol intake. Participants were 
invited to relax by sitting in an armchair for 5 min. Then, they were 
recorded for a 10 mins baseline period and during a sequence of tests 
(Rashid et al., 2022a,b). 

This test consisted of a baseline closed eyes (B) and a VS condition. 
For VS participants were invited to solve six different hidden object 
games, three black and white and three colored pictures, each picture 
presenting 10–15 hidden objects. They had to alternate a 30-s eyes- 
closed interval (baseline) to 30-s engagement in the game (VS), as 
signaled by an audio cue (total time six min). The subjects were not 
allowed to write/speak during the VS thus no assessment of accuracy or 
performance (e.g., number of objects spotted in each picture) was car-
ried out. At the end of VS participants were asked to “rate the attention 
paid to the VS on a standardized numerical rating scale from 0 (mini-
mum) to 10 (maximum)”. 

In a second session, the validated, Italian version of the behavioral 
Stanford Hypnotic Susceptibility Scale (SHSS), form A (Weitzenhoffer 
and Hilgard, 1959) was used for hypnotic assessment. It classifies highs 
(score: 8–12 items passed out of 12); mediums (score: 5–7 out of 12); and 
lows (score: 0–4 out of 12). For the present study, the participants were 
divided into med-lows (N = 13; SHSS score: 0–5; mean ± SD: 1.38 ±
1.98) and med-highs (N = 10; SHSS score: 7–9; mean ± SD: 8.1 ± 0.78), 
excluding one participant with SHSS of 6. 

Analyses of part of the acquired signals – those related to the middle 
cerebral artery flow velocity recorded during cognitive tasks, hyper-
ventilation as well as rebreathing – were published in different papers 
(Rashid et al., 2022a,b). 

2.4. Measurements 

The partial pressure of carbon dioxide (PETCO2) in the respiratory 
gases was monitored using a capnograph (Capnostream™ 20p Bedside 
Patient Monitor with Microstream™ Technology, Oridion Medical, Je-
rusalem, Israel). 

The continuous finger-pulse photoplethysmography (CNAP Monitor 
500, CNSystems Medizintechnik GmbH, Graz, Austria) was used to 
measure the arterial blood pressure (ABP, mmHg) and heart rate (HR, 
bpm). Using a regular pneumatic cuff on the left arm, the calibration of 
ABP was periodically performed. 

The unilateral cerebral flow velocity from the P2 segment of the left 
posterior cerebral artery (PCAv, cm/s) was measured using Transcranial 
Doppler ultrasound (Dolphin IQ and 4D, Viasonix, Netanya, Israel) with 
a 2 MHz monitoring probe. A 3D-printed custom-made helmet was used 
to hold the probe in place. 

The cerebrovascular reactivity (CVR, %) to VS was computed as 
[CVR = (ΔPCAv/PCAvB)*100], in which ΔPCAv is the change of blood 
flow velocity in the posterior cerebral artery during VS with respect to 
the B (PCAvB). 

All signals were continuously digitally sampled (CED Micro 1401 
acquisition board and Spike2 ver. 9.14 software, Cambridge Electronic 
Design, Cambridge, UK) at 100 Hz and stored on the computer. 

For each subject and each variable, the six consecutive (B + VS) 
cycles were averaged in a single one. In this 60-s lasting average cycle, 
the first 30 s correspond to B and the last 30 s correspond to the VS Time 
average values were collected over the following sub-intervals: 15–25 s 
(B) and 45–55 s (VS), to exclude from the analysis the transients asso-
ciated with the change between conditions. 

2.5. Statistical analysis 

We used MATLAB® ver. R2022a (The MathWorks, Natick, MA, USA) 
to perform statistical analysis. After normality assessment (Kolmogorov- 
Smirnov test), separate univariate ANOVAs were conducted on self- 
reported attention and on systemic (ABP, HR, PETCO2) and Doppler 
(PCAv) variables according to 2 groups (med-lows, med-highs) × 2 
conditions design (B, VS) with and without hypnotizability as a covar-
iate. Then, the CVR of med-highs and med-lows was compared between 
groups through univariate analysis. The Greenhouse-Geisser correction 
was used for non-sphericity. Spearman correlations and partial corre-
lations controlling for hypnotizability of PCAv with CVR and reported 
attention as well as ABP and PETCO2 were computed. The level of sig-
nificance was set at p = 0.05. Sample size and power were reported for 
all analyses. 

3. Results 

Two subjects (one med-low and one med-high) were outliers for 
PCAv and were excluded from analyses. Average traces during B and VS 
for the different variables are shown (Fig. 1). 

Self-reported attention was not significantly different between med- 
lows (Mean ± SD: 8.71 ± 0.58) and med-highs (8.06 ± 0.63) although it 
was negatively correlated with hypnotizability (ρ = -0.597, p = 0.003). 

PCAv increased significantly during VS with respect to B (F(1,21) =
67.45; p = 0.0001; η2 = 0.970; α = 1.00) independently from hypno-
tizability. The group effect, however, had low effect size (η2 = 0.050). 
On average, CVR was 7.9 ± 5.2 % (the two groups pooled together). 
Table 1 reports the mean values and standard deviations of all variables. 

PCAv was not significantly correlated with ABP, HR, and PETCO2 in 
the baseline condition and its change during VS with respect to B 
(ΔPCAv) was not significantly correlated to ΔABP, ΔHR, ΔPETCO2 and 
reported attention. Partial correlation controlling for hypnotizability did 
not disclose any correlation. 

No significant difference (η2 = 0.014, α = 0.08) was observed in CVR 
(Fig. 2) between med-lows (mean ± SD: 8.4 ± 7.0 %) and med-highs 
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(7.0 ± 2.0 %), and effect size was very low (η2 = 0.002). 
No significant correlation was observed between self-reported 

attention and CVR and was disclosed by partial correlation controlling 
for hypnotizability. 

No significant correlation was observed between SHSS scores and 
CVR. Nonetheless, within groups correlation coefficients revealed a 
significant negative correlation between SHSS and CVR in med-highs (ρ 
= -0.814, p = 0.008) and no significant correlation in med-lows. 

4. Discussion 

Visual stimulation is one of the most effective means to induce 
pronounced blood flow increases in large cerebral arteries, considering 
that half of the brain cortex is dedicated to the processing of visual 
stimuli (Buerk and Riva, 2002; Donati et al., 1995). It has been effec-
tively used to detect alterations in neurovascular coupling in several 
disease states such as Parkinson’s (Azevedo et al., 2010), cerebral am-
yloid angiopathy (Smith et al., 2008), familial amyloidotic poly-
neuropathy (Azevedo et al., 2011), severe carotid disease (Roje- 
Bedeković et al., 2010), hypertension as well as diabetes (Monteiro 
et al., 2021). 

The VS increased blood flow velocity in the posterior cerebral artery 
in med-highs and med-lows, which agrees with earlier reports regarding 
the general population (Lisak et al., 2005; Samora et al., 2020; Spelsberg 
et al., 1998; Zaletel et al., 2002). The present findings do not reveal 
hypnotizability-related differences between med-lows’ and med-highs’ 
stimulation-related hyperemia. Low metabolic cost of tasks in highs was 
hypothesized owing to their mode of information processing which 
consists of poor local modulation of the electroencephalographic ac-
tivity (Ibáñez-Marcelo et al., 2019). Moreover, the neurovascular 
coupling during cognitive tasks differs between med-lows and med- 
highs (Rashid et al., 2022). The unexpected absence of difference dur-
ing VS can be due to the characteristics of the stimulus, although the low 
effect size of the comparisons between groups may have prevented the 
detection of significant hypnotizability-related differences. 

However, the concomitant absence of changes in HR and ABP during 
VS allows us to exclude that possible hypnotizability-related differences 
in CVR were buffered by different systemic autonomic involvement. 
Moreover, the emotional content of the presented images may have 
buffered potential hypnotizability-related differences, as high hypno-
tizability is associated with high emotional intensity (Diolaiuti et al., 
2019; Kirenskaya et al., 2011). Zaletel et al. (2002) suggested that the 
complexity of the task significantly elevated visually induced CVR as 
compared to the conventional types of VS such as silent reading (Balogh 
et al., 2022), white light (Leacy et al., 2018), flashing alternating (Frid 
et al., 2015) or flickering checkerboard (Monteiro et al., 2021), whereas 
repetitive VS measurements may result in attenuation of the CVR (Roje- 
Bedeković et al., 2010). The brightness does not appear to affect CVR 
(Zaletel et al., 2002). Based on these considerations, we adopted a more 
engaging VS requiring to detect hidden objects, expecting to observe a 
large CVR. However, the observed CVR was lower (mean ± SD: 7.9 ±
5.2 %) than what has been reported in response to conventional VS 
(mean ± SEM: 16.4 ± 1.5 %) (Aaslid, 1987). We can only speculate that 
the active engagement of the subject could have activated brain areas 
outside of PCA territory, which, conversely, might have been little 
affected by a static VS. 

The expected lower metabolic cost of the VS in med-highs with 
respect to med-lows, however, was at least partially confirmed, as 
participant with med-highs hypnotizability showed a negative correla-
tion between hypnotizability scores and CVR. 

The absence of very high hypnotizable participants (SHSS score > 9 
out of 12) in the sample may account for the unexpected negative cor-
relation between hypnotizability and self-reported attention as highs 
usually display greater absorption than lows (Acunzo et al., 2021; 
Rominger et al., 2014; Tellegen and Atkinson, 1974). 

A limitation of the study is that we did not investigate the blood flow 

Fig. 1. Average traces during Baseline (B) and Visual Stimulation (VS) for the 
different variables (N = 21). ABP: arterial blood pressure; HR: Heart rate; PCAv: 
posterior cerebral artery flow velocity, and PETCO2: partial pressure of end-tidal 
CO2. The black and gray bar at the bottom indicates the 10-s sub-interval taken 
from PCAv for both B and VS to compute cerebrovascular reactivity (CVR, %). 

Table 1 
Variables mean values and standard deviation.  

Condition Variable med-lows (N ¼ 12) med-highs (N ¼ 9)   

Mean SD Mean SD 

Basal ABP (mmHg)  81.08  15.25  81.33  12.74  
HR (bpm)  71.07  11.38  78.12  12.97  
PCAv (cm/s)  50.58  9.57  50.65  9.92  
PETCO2 (mmHg)  37.08  2.23  34.66  3.32 

VS ABP (mmHg)  81.20  15.53  79.68  13.94  
HR (bpm)  71.52  11.05  77.19  13.01  
PCAv* (cm/s)  54.79  10.78  54.20  9.13  
PETCO2 (mmHg)  36.64  1.80  34.85  3.21 

Note: (*) indicates a significant difference between baseline (B) and visual 
stimulation (VS) conditions. 

Fig. 2. Distribution of cerebrovascular reactivity (CVR) of 22 subjects as a 
function of hypnotizability score. The subject with SHSS score 6 intermediates 
between med-lows and med-highs is shown, although not included in the 
comparisons between two groups. 
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velocity in the main cortical branches of PCA separately. For example, 
one study found that the largest increase in blood flow velocity was 
observed in the calcarine artery after VS and it progressively declined in 
P2 PCA, the parieto-occipital artery, the occipital temporal artery, and 
the anterior temporal artery (Frid et al., 2015). Future studies could 
focus the measurement on smaller brain areas possibly characterized by 
higher reactivity. 

To conclude, the present findings indicate that the cerebral hyper-
emia occurring during visual stimulation is independent from hypno-
tizability in participants with med-low hypnotizability scores, although 
it decreases with increasing hypnotizability scores at high hypnotiz-
ability levels. This finding concerning cerebrovascular reactivity fits 
with the view that the higher hypnotizability the lower the metabolic 
cost of the task, possibly owing to the highs’ distributed rather than 
localized information processing (Ibáñez-Marcelo et al., 2019). 
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A B S T R A C T   

Objective: The present study aimed to compare sympathetic hemodynamic effects in masticatory and limb 
muscles in response to different stressors. 
Design: Twelve healthy participants were subjected to a randomized series of stressors, including cold pressor test 
(CPT), mental arithmetic test, apnea, isometric handgrip (IHG) and post-handgrip muscle ischemia (PHGMI), 
while in the supine position. Spatially-resolved near-infrared spectroscopy was used to measure relative changes 
in blood volume and oxygenation (TOI) of the resting masseter and biceps muscles. Cardiac output, heart rate, 
and arterial blood pressure (ABP) were also monitored. 
Results: Except apnea, all tests increased ABP. Different response patterns were observed in the 2 muscles: TOI 
significantly increased during contralateral IHG (1.24 ± 1.17%) but markedly decreased during CPT (− 4.84 ±
4.09%) and PHGMI (− 6.65 ± 5.31%) in the biceps muscle, while exhibiting consistent increases in the masseter 
(1.88 ± 1.85%; 1.60 ± 1.75%; 1.06 ± 3.29%, respectively) (p < 0.05). 
Conclusions: The results allow us to infer differential control of blood flow in head and limb muscles. In general, 
the masseter appears more prone to dilatation than the biceps, exhibiting opposite changes in response to painful 
stimuli (CPT and PHGMI). Several mechanisms may mediate this effect, including reduced sympathetic outflow 
to the extracranial vasculature of the head, generally exposed to lower hydrostatic loads than the rest of the 
body.   

1. Introduction 

Sympathetic activation generally increases heart rate and contrac-
tility as well as the total peripheral resistance, which then results in 
increased arterial blood pressure. However, different patterns of sym-
pathetic activation may be elicited by different stressors (stressor-spec-
ificity) (Pacák & Palkovits, 2001; Roatta et al., 2011), with differential 
activation to the various organs and tissues (Vissing, 1997). In addition, 
there is evidence that sympathetic outflow also varies depending on the 
body area, e.g., with upper and lower limbs. In some cases, opposite 
vascular effects have been reported, e.g., during unilateral handgrip, 
dilatation in the contralateral forearm and vasoconstriction in legs has 
been reported, and similar effects were observed during cognitive tasks 
(Eklund & Kaijser, 1976; Rusch et al., 1981). Along the same line, Carter 
et al. (2005) report a less marked dilatation in legs than in arms during 
mental stress. It was hypothesized that these differences in the vascular 

control between arms and legs could be related to the different hydro-
static gradients that affect blood vessels in the two areas (Jacob et al., 
2000). 

In this respect, the head is a peculiar body area: because of its po-
sition above heart level (whenever the body is sitting or standing), its 
vascular networks are affected by low hydrostatic load and lower 
perfusion pressure, compared to other body regions. Interestingly, a 
different vascular control has been reported for cutaneous tissues of the 
head as compared to the limbs’. In general, the studies evidenced dila-
tory rather than constrictory responses in the facial districts, e.g., during 
verbal tasks, public speech and mental stress (Vassend & Knardahl, 
2005). Whether a differentiated hemodynamic response to stress also 
concerns the skeletal muscles of the head is unclear. Only a few studies 
investigated vascular stress responses in head muscles, reporting an 
increase in tissue oxygenation in the masseter muscle during both 
mental stress (Hidaka et al., 2004b; Tanosoto et al., 2012) and cold 

Abbreviations: ABP, arterial blood pressure; NIRS, near-infrared spectroscopy; EMG, electromyography; THI, tissue hemoglobin index; TOI, tissue oxygenation 
index; HR, heart rate; CO, cardiac output; MVC, maximum voluntary contraction; CPT, cold pressor test. 
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pressor test (Maekawa et al., 1998a). However, standard near-infrared 
spectroscopy measurement could have been affected by the concomi-
tant increase in skin blood flow, as has now been demonstrated in many 
different experimental conditions (Canova et al., 2011; Messere & 
Roatta, 2013; Tew et al., 2010). Moreover, sporadic contractions and 
increase in muscle tone, which are a specific component of the stress 
response (Hidaka et al., 2004a, 2004b; Sjøogaard et al., 2000) may affect 
hemodynamics in the relevant muscles. 

To our knowledge, comparative studies based on the simultaneous 
recording from head and limb muscles have never been reported in 
humans and the few available animal studies do not clarify the issue, 
reporting no difference in the vascular response of masseter and quad-
riceps muscles to adrenaline continuous infusion (Terakawa & Ichinohe, 
2012), but stronger vascular constriction in the quadriceps, in response 
to hypercapnia (Ichinohe et al., 2020). 

The study aimed to test the hypothesis that blood flow of head and 
limb muscles is differentially controlled, in a stressor-dependent way. To 
this aim five different stress tests were implemented and several meth-
odological arrangements were devised to control for confounding fac-
tors such as interference from involuntary electromyographic activity 
and hemodynamic changes in cutaneous circulation, as detailed in 
methods. 

2. Methods 

2.1. Subjects 

Twelve (9 males, 3 females) healthy volunteers (age: 26 ± 3 years; 
weight: 68 ± 11 kg; height: 175 ± 9 cm) were enrolled in this study. All 
of them were non-obese and normotensive (resting blood pressure 
<140/90 mmHg). 

2.2. Ethical approval 

This study was carried out in accordance with the Declaration of 
Helsinki and was approved by the Institutional Ethical Committee of the 
University of Torino (prot. 60195). All subjects signed informed consent 
before participating in the study. 

2.3. Measurements 

A continuous-wave near-infrared spectroscopy (NIRS) (NIRO- 
200NX, Hamamatsu Photonics, Hamamatsu, Japan) was used to mea-
sure changes in tissue haemoglobin index (THI) and tissue oxygenation 
index (TOI). The device implements both the classical modified Beer- 
Lambert method and the spatially-resolved spectroscopy (Grassi & 
Quaresima, 2016). Based on our previous experience we focused our 
attention on spatially-resolved parameters which, being less affected by 
cutaneous circulation, (Canova et al., 2011) provide a more specific 
monitoring of muscle tissue hemodynamics (Messere & Roatta, 2013; 
Messere et al., 2018a). In particular, the TOI estimates the percentage 
ratio of oxygenated to total hemoglobin. However, since NIRS cannot 
discriminate between myoglobin and hemoglobin, all measurements 
refer to the whole (myoglobin + hemoglobin) concentration (Messere 
et al., 2018a). In addition, THI detects changes in (hemoglobin +
myoglobin) concentration. Since no change in myoglobin concentration 
is expected to take place in the short term, it is employed to detect 
changes in blood volume (within the sample volume). Since this variable 
reveals relative changes with respect to a reference level it is generally 
normalized to the basal value (taken in resting conditions). The device 
has two probes: one was placed over the biceps brachii short head 
muscle of the left arm, and the other over the right superficial masseter 
muscle, electromyography (EMG) electrodes over the left masseter not 
leaving enough room for the NIRS probe over the same muscle (see 
below). 

The continuous surface electromyography (Quattro, OT 

Bioelectronics, Torino, Italy; gain:1200; bandwidth: 10 – 500 Hz) is used 
to detect any possible involuntary muscle contraction during the tests. 
Two differential recordings were collected from bipolar adhesive elec-
trodes (inter-electrode distance 2.3 cm; FlAB Spa, Florence, Italy) from 
the left masseter and biceps brachii muscles. The electrodes were placed 
on the masseter symmetrically to the NIRS probe and on the biceps just 
aside of the NIRS probe, in both cases, the inter-electrode axis being 
parallel to orientation of muscle fibers. The ground electrode was placed 
over the wrist. 

The heart rate (HR), arterial blood pressure (ABP) and cardiac output 
(CO) were measured by continuous finger-pulse photoplethysmography 
(CNAP Monitor 500, CNSystems Medizintechnik GmbH, Graz, Austria) 
in order to quantify the extent and pattern of sympathetic activation. 
Calibration of ABP was periodically performed using a regular pneu-
matic cuff at the right arm. 

Handgrip force was measured by a custom-made device based on two 
flexiforce sensors (Tekscan, Inc. Massachusetts, USA), previously cali-
brated (Testa et al., 2016). 

All signal were continuously digitally sampled (CED Micro 1401, 
Cambridge Electronic Design, Cambridge, UK) at 100 Hz, except EMG 
which was sampled at 2 kHz and stored on the computer. The Spike2 
software (Version 9.14, Cambridge Electronic Design, Cambridge, UK), 
was used for both data acquisition and analysis. 

2.4. Experimental procedures 

The experiments were performed in a quiet room with a constant 
ambient temperature of about 21–23 ◦C. Before starting the recordings, 
the maximum voluntary contraction (MVC) has been measured and the 
visual feedback has been provided to the participant. 

The participants were asked to relax while staying in a supine posi-
tion. This position was chosen to eliminate the hydrostatic gradient 
between the masseter and the biceps muscles which would have 
complicated the comparison of hemodynamic responses. After all signals 
reached a stable condition, a 10 min baseline period was recorded, after 
which participants completed a sequence of 5 different tasks, described 
below. 

Even short muscle contractions are known to evoke rapid and 
prominent hemodynamic changes which could overlap with and disturb 
the response to the stressor. Thus, the subjects were periodically 
reminded to maintain relaxed all muscles, particularly the jaw and left 
arm muscles. The tasks were separated by a minimum of 5-mins rest 
(with additional time if required) to ensure that all variables were stable 
before starting the next task and were performed in a randomized order, 
except post-handgrip muscle ischemia, which immediately followed 
isometric handgrip. 

2.4.1. Cold pressor test (CPT) 
The subject was asked to immerse the right hand for 2 min into a 

bucket filled with cold water (8 ◦C, measured by a digital thermometer: 
Omega 450-ATH, OMEGA Engineering, Norwalk, CT, USA). After the 
task, participants were asked to report the peak pain level experienced 
by the visual analogue scale: 0 corresponding to ‘no pain’ and 10 cor-
responding to ‘the worst pain imaginable’. 

2.4.2. Mental arithmetic test 
The subject was asked to progressively subtract the odd numbers (1, 

3, 5, etc.) from 1000 for 2 min, writing each result on a paper with the 
right hand. For this purpose, a clipboard was placed over a cushion, on 
the subject’s chest. The clipboard was supported by an operator, who 
also monitored the outcome, promptly asking the subject to repeat the 
calculation in case of a mistake. 

2.4.3. Apnea 
The subject was asked to hold their breath as long as possible. All 

subjects were able to sustain the apnea for at least 40 s 
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2.4.4. Isometric handgrip 
The subject was requested to grip the handgrip dynamometer at 50% 

of their MVC for 1 min, with the right hand. The visual feedback of the 
exerted force was provided on a computer screen, a horizontal cursor 
placed at 50% MVC indicating the target force level. 

2.4.5. Post-handgrip muscle ischemia 
Ten seconds before the cessation of the isometric handgrip, a blood 

pressure cuff (Gima, Gessate, Italy) was wrapped around the right arm 
and inflated to a supra-systolic pressure of 250 mmHg and maintained at 
this level for 2 min to occlude blood flow to the forearm muscles. After 
the task, the subject was asked to report the peak pain intensity during 
the test according to a visual analogue scale. 

2.5. Data analysis and statistics 

The average response to each stressor was computed for all relevant 
variables: ABP, HR, CO, THI and TOI and presented graphically. Stress- 
induced changes were evaluated by comparing the time average over the 
last 10 s of stress exposure with the baseline, computed over the 10 s 
before. Average effects for the NIRS variables were calculated as follows: 
ΔTHI = (THIstress-THIbaseline)/THIbaseline* 100, expressed as % of base-
line; ΔTOI = TOIstress-TOIbaseline, expressed as % of oxygenated hemo-
globin. Normality of data distribution was first verified by the 
Kolmokorov-Sminorv test. Statistical significance (with familywise 
alpha level of 0.05) of stress-induced changes in all these variables was 
then assessed by Student-t and Hochberg’s tests, with Dunn/Sidak alpha 
correction method for multiple comparisons. Differences between 
masseter and biceps muscles in terms of ΔTHI and ΔTOI were tested 

with the same procedure. The Student-t test was used to compare basal 
oxygenation levels in the biceps and masseter muscles. Statistical anal-
ysis was performed using MATLAB® Version R2020b (The MathWorks, 
Natick, MA, USA). Post-hoc power analysis (two-tails, α = 0.05) was 
conducted using G-Power ver. 3.1.9.6 (Heinrich-Heine-Universität 
Düsseldorf, Düsseldorf, Germany). Pearson ‘s correlation coefficient was 
used to assess correlation between pain scores and ABP and TOI re-
sponses. Data in the Results section are presented using box plots. 

3. Results 

During basal conditions, the TOI in the masseter muscle (80.0 ±
2.6%) was higher than in the biceps in 9 out of 12 subjects, although not 
reaching overall statistical significance (76.7 ± 4.7%, p = 0.058). 

Absence of relevant signs of EMG activation during baseline intervals 
and during the different tasks was verified by visual inspection of the 
recordings. An example of original recordings from a representative 
subject during the CPT test is given in Fig. 1A. As a term of comparison, 
EMG activation and corresponding changes in NIRS variables evoked by 
short voluntary isometric contractions are shown in Fig. 1B. 

3.1. Cold pressor test 

The response to CPT is described by the average curves of Fig. 2A, 
and distribution of the effects for the different variables are reported in 
Fig. 2B. The test significantly increased ABP (from 90.1 ± 14.0–101.6 
± 15.9 mmHg, p < 0.05) while producing a non-significant decrease in 
HR (from 69.1 ± 11.9–68.2 ± 9.8 bpm, p < 0.05) and CO (from 68.2 
± 13.7–67.2 ± 13.6 dL/min, p < 0.05). 

Fig. 1. Original recordings from a representative subject during the cold pressor test (CPT) (A) and in response to voluntary isometric contractions of the masseter 
and the biceps muscles (B). Note that electromyography recordings, which are magnified in A compared to B, effectively reveal even the smallest involuntary 
contractions, e.g., after the end of the CPT in the masseter muscle (black arrows, A) and that stronger contractions (black arrows, B) may produce visible hemo-
dynamic changes in near-infrared spectroscopy variables. Vertical dotted lines indicate start and end of CPT. ABP: arterial blood pressure, TOI: tissue oxygenation 
index, THI: tissue hemoglobin index (a.u.: arbitrary units), electromyograms from masseter and biceps muscles: EMGm and EMGb, respectively. 
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Notably, the CPT effects on NIRS variables were opposite in the two 
muscles, increasing in the masseter muscle (ΔTHI: 9 ± 9%, P < 0.05; 
TOI: from 79.5 ± 2.9–81.1 ± 2.2%, p < 0.05) and decreasing in the 
biceps muscle (ΔTHI: − 2 ± 7%, n.s.; TOI: from 75.6 ± 4.2% to 70.7 
± 4.8, p < 0.05). 

On average the subjects reported a maximum pain score of 7.0 ± 2.1. 
Pain did not correlate with ABP nor with TOI, except for TOI vs. pain in 
the biceps muscle: r = − 0.55 (p < 0.01). 

3.2. Mental arithmetic test 

The average response to mental arithmetic test (Fig. 3A and B) also 
exhibited a significant increase in ABP (from 84.1 ± 15.8–98.7 
± 20.6 mmHg, p < 0.05) while producing a non-significant increase in 
HR and CO. 

The masseter muscle exhibited a significant increase in oxygenation 
(TOI: from 80.5 ± 3.1–82.5 ± 3.6%, p < 0.05) and a non-significant 
increase in blood volume (ΔTHI: 5 ± 9%) while non-significant 
changes were observed in the biceps muscle. 

Fig. 2. Response to cold pressor test (CPT). Average response curves (A) and distribution of the effects for the different variables (B), as described by the median (red 
line), the interquartile range (blue box), minimum and maximum values (lower and upper whiskers, respectively), and mean (green x). THI: tissue hemoglobin index 
(a.u.: arbitrary units); TOI: tissue oxygenation index; HR: heart rate; ABP: arterial blood pressure; CO: cardiac output. The black bar at the bottom indicates the 
duration of the CPT. Note the opposite effects on TOI and THI exhibited by the masseter and the biceps muscles. * ) p < 0.05; n = 12. 

Fig. 3. Response to mental arithmetic test (MAT). Average response curves (A) and distribution of the effects (B) for the different variables. Notations and ab-
breviations as in Fig. 2. The black bar at the bottom indicates the duration of the MAT. * ) p < 0.05; n = 12. 
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3.3. Apnea 

No significant changes were exhibited by the different variables 
during apnea (see Fig. 4A and B), although THI showed a tendency to 
increase in the masseter muscle (ΔTHI: 14 ± 21%, n.s.) that was not 
exhibited by the biceps (− 2 ± 5%). 

3.4. Isometric handgrip and post-handgrip muscle ischemia 

The response to isometric handgrip and post-handgrip ischemia is 
described by the average curves of Fig. 5A, and distribution of the effects 
for the different variables are reported in Fig. 5B and C. With isometric 
handgrip, both HR (from 72.4 ± 12.8–85.5 ± 12.6 bpm; p < 0.05) and 
in ABP (from 86.9 ± 21.2–106.5 ± 22.1 mmHg; p < 0.05) were signif-
icantly increased. TOI similarly increased in both the masseter (from 
80.2 ± 2.5–82.1 ± 3.4%, p < 0.05) and the biceps muscle (from 76.5 
± 5.0% to 78.2 ± 4.9%, p < 0.05) while THI increased only in the 
masseter muscle (ΔTHI: 7 ± 7%, p < 0.05) and significantly more than 
in the biceps muscle (p < 0.05). 

Compared to resting levels (before isometric handgrip), post- 
handgrip ischemia resulted in a marked increase in ABP (from 86.9 
± 21.2–103.0 ± 18.1 mmHg; p < 0.05), accompanied by a decreasing 
trend in HR (from 72.4 ± 12.8–67.1 ± 10.2 bpm; n.s.) and a decrease in 
CO (from 74.7 ± 12.8–66.7 ± 14.0 dL/min; p < 0.05). As with CPT, 
NIRS response to post-handgrip ischemia produced significantly 
different responses in the two muscles, with significant increases in the 
masseter (TOI: from 80.2 ± 2.5% to 81.2 ± 3.8%, p < 0.05; ΔTHI: 6 
± 10%, p < 0.05) and decreases in the biceps (TOI: from 76.9 ± 5.0% to 
70.3 ± 5.5%, p < 0.05; ΔTHI: − 3 ± 7%, n.s.). 

On average the subjects reported a maximum pain score of 7.1 ± 1.6. 
Pain did not correlate with ABP nor with TOI. 

Post-hoc power analysis confirmed that the sample size was adequate 
to support the major outcomes of the study, namely, the TOI increase in 
the masseter muscle (in all tests except apnea) and the opposite response 
patterns in masseter and biceps muscles (in CPT and post-handgrip 
ischemia). 

4. Discussion 

For the first time, to our knowledge, the study focused on the 

differential control of blood flow in head and limb muscles during stress. 
We hypothesized that the autonomic vascular control could be differ-
entiated to these body areas, also depending on the type of stress. 

The results evidenced that: 1) all tests effectively activated the 
sympathetic nervous system as revealed by significant increases in 
arterial blood pressure and/or heart rate, except apnea. 2) in the 
masseter muscle tissue oxygenation index increased in all tests 
(although, non-significantly in apnea); 3) in the biceps muscle tissue 
oxygenation index exhibited both increases (in isometric handgrip) and 
marked decrease (in cold pressor test and post-handgrip muscle 
ischemia) depending on the stressor. 5) tissue hemoglobin index changes 
were always concordant with tissue oxygenation index’s, although 
generally less significant. As will be discussed below, these observations 
support the hypothesis that sympathetic outflow to skeletal muscles of 
the head and limbs is differentially controlled in a stressor-dependent 
way. 

4.1. Interpretation of near-infrared spectroscopy signals 

It is well known that near-infrared spectroscopy does not provide a 
direct measurement of blood flow. However, if a condition of constant 
metabolism can be hypothesized (e.g., in completely relaxed muscles), 
changes in blood flow would be associated with concordant changes in 
tissue oxygenation and, consequently, changes in oxygenation may be 
used to detect changes in blood flow. This concept has been demon-
strated in several studies in which a blood flow reduction induced by 
sympathetic vasoconstriction also resulted in decreased tissue oxygen-
ation (Boushel & Piantadosi, 2000; Fadel et al., 2004; Ogata et al., 2012; 
Ogata et al., 2002). Conversely, the transient hyperemia produced by a 
short-lasting compressive stimulus, in relaxed muscles results in a 
consistent increase in tissue oxygenation (Messere et al., 2017; Messere 
et al., 2018b). Constriction/dilatation of blood vessels may also produce 
a slight reduction/increase in blood volume indices, (Ogata et al., 2002) 
unless this effect is hidden by a larger volume change of the venous 
compartment, e.g., due to vessel compression (Messere et al., 2017). 
Consistent with this concept, an increase in tissue oxygenation was 
never associated with a decrease in tissue hemoglobin index, in the 
present study. On this basis, considering that both masseter and biceps 
muscles remained relaxed throughout the tests, as verified by contin-
uous electromyography monitoring, we can reasonably interpret 

Fig. 4. Response to apnea (AP). Average response curves (A) and distribution of the effects (B) for the different variables. Notations and abbreviations as in Fig. 2. 
Duration of apnea lasted between 40 s (black bar) and 120 s (gray bar), in the different subjects; n = 12. 
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changes in tissue oxygenation index as a consequence of corresponding 
changes in muscle blood flow. The responses to the different stressors 
will be here briefly individually discussed. 

4.2. Cold pressor test 

The cold pressor test is an established sympathetic activation test 
(Seals, 1991). Somatosensory stimulation induced by the cold stimulus 
increases blood pressure; impulses from receptors in the skin relay via 
afferent pathways to C1 cells in the rostral ventrolateral reticular nu-
cleus and are transmitted via efferent sympathetic neurons to peripheral 
blood vessels from thoracic spinal cord (Reis et al., 1989) evoking a 
general rise in total peripheral resistance with alpha-adrenergic vaso-
constriction of upper and lower limbs, (Montoya et al., 1997; Wray et al., 
2007) accompanied by decreased tissue oxygenation (Ogata et al., 

2012). Few reports described effects of opposite signs in head muscles, i. 
e., increase in blood volume and oxygen saturation during cold pressor 
test, suggesting increased blood flow in this area (Maekawa et al., 
1998a). As anticipated in the introduction the standard near-infrared 
spectroscopy monitoring as used in these studies could have been 
affected by cutaneous circulatory changes. However, the present data 
are in agreement with this general picture: we confirm the occurrence of 
these opposite responses in head and limb muscles, consisting of 
increased perfusion of the masseter muscle and a strong decrease in the 
biceps muscle (Fig. 2). 

4.3. Mental arithmetic test 

As compared to cold pressor test, the actively demanding situations 
such as information processing and problem-solving (mental arithmetic 

Fig. 5. Response to isometric handgrip (IHG) and post-handgrip muscle ischemia (PHGMI). Average response curves (A); distribution of the effects of IHG (B) and 
PHGMI (C) for the different variables. Notations and abbreviations as in Fig. 2. The black and grey bars at the bottom indicates the duration of IHG and PHGMI, 
respectively. Note that TOI exhibits opposite effects in masseter and biceps muscles during PHGMI but not during IHG. * ) p < 0.05; n = 12. 
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test) are considered to be characterized by a beta-adrenergic dominance, 
i.e., they tend to elicit cardiovascular responses that are mediated by an 
increase in myocardial contractility and heart rate, increased adrenergic 
release, resulting in increased cardiac output, with minor changes in 
total peripheral resistance (Goldberg et al., 1996; Montoya et al., 1997; 
Tidgren & Hjemdahl, 1989). Within this frame, vasodilation in skeletal 
muscle has also been reported (Carter et al., 2005; Linde et al., 1989; 
Rusch et al., 1981), besides reduced blood flow to the kidneys (Tidgren 
& Hjemdahl, 1989) and the skin (Marriott et al., 1990). As for the head 
muscles two early reports from a single group are available, based on 
standard Beer-Lambert near-infrared spectroscopy, in which the effect of 
this test on masseter tissue oxygenation was investigated. Again, the 
issue of skin contribution to the near-infrared spectroscopy measure-
ment is relevant, as skin blood flow is known to be affected by this test 
and cognitive tasks (Drummond, 1994; Vassend & Knardahl, 2005). In 
the first study, an early decrease in tissue oxygenation, assessed over a 
10-s interval, was reported to occur in association with the beginning of 
sudomotor activity at the finger (Hidaka et al., 2004a). In the second 
study, a persistent increase in tissue oxygenation of the masseter muscle 
was observed in subjects exposed to a long-lasting (2 h) mental task, 
although, this stressful activity also increased basal electromyographic 
activity (significantly in the temporal muscle) (Hidaka et al., 2004b). 
More recently, using spatially-resolved near-infrared spectroscopy 
Tanosoto et al. (2012) also reported increased tissue oxygenation in the 
masseter muscle during a paced auditory mental task. The present re-
sults are compatible with the general response to mental arithmetic test 
described above and clarify that a significant tissue oxygenation in-
crease takes place in the masseter muscle within a standard 2-min 
lasting test, in the absence of electromyographic activity, besides a 
non-significant increasing trend in the biceps (Fig. 3). 

4.4. Apnea 

A complex circulatory response is generated by apnea, whereby the 
dilatory effects of hypoxia are counteracted by the constrictor sympa-
thetic activation (Halliwill, 2003). In fact, an increased muscle sympa-
thetic nerve activity as well as in circulating catecholamines has been 
reported (Leuenberger et al., 2001) along with decreased oxygenation in 
skeletal muscles of the limbs (Bouten et al., 2020), while no indication 
about the effects on head muscles was found in the literature. In our 
experiments, we did not evidence a decrease in tissue oxygenation in 
both masseter and biceps muscles, and weak and non-significant effects 
were reported also for the other variables. This is likely because the test 
was not pushed to maximal individual limits and that all responses were 
analysed at the shortest duration of 40 s, which certainly contributed to 
attenuate the effects. We only observe that a larger although not sig-
nificant increase in tissue hemoglobin index takes place in the masseter, 
compared to the biceps. We speculate that this is a consequence of 
increased venous pressure due to the increased intra-thoracic pressure 
provoked by the passive holding of the deep breath (similarly to the 
Valsalva manoeuvre). Since venous pressure would similarly affect both 
muscles, a larger effect in the masseter muscle could reveal a lesser 
constrictor tone. 

4.5. Isometric handgrip 

Handgrip exercise is an established test for sympathetic activation, 
producing marked increases in arterial blood pressure, heart rate, car-
diac out, and muscle sympathetic nerve activity in general (Low, 2003). 
This results in a systematic increase in vascular resistance in muscles. 
However, a dilatory response is generally observed in the contralateral 
arm. Once attributed to sympathetic dilatory cholinergic fibers (Sanders 
et al., 1989) it appears now to be essentially a beta2 adrenergic mech-
anism that also implicates endothelium-released nitric oxide (Joyner & 
Dietz, 2003). The description of vascular effects in head muscles during 
handgrip appears to be missing in the literature. 

The response we observed fits with the current picture described 
above, in particular, the dilatory response of the contralateral arm is 
confirmed by the significant increase in tissue oxygenation index. In 
addition, the same response is exhibited by the masseter muscles, which 
also manifests an increase in tissue hemoglobin index. 

4.6. Post-handgrip muscle ischemia 

Post-handgrip muscle ischemia consistently results in a pressor 
response characterized by powerful peripheral vasoconstriction and 
decreased heart rate and cardiac output (Boulton et al., 2018; Rusch 
et al., 1981). While tissue oxygenation decreases in the concerned 
muscles prior to exercise and subsequent ischemia, (Boushel & Pianta-
dosi, 2000) the present observation of a marked tissue oxygenation 
decrease in the contralateral biceps muscle (not concerned by the 
contraction and the ischemia) supports the occurrence of a general 
constrictor response during post-handgrip muscle ischemia, that was 
reported to concern both upper and lower limbs (Rusch et al., 1981). 
Surprisingly, this effect is not apparent in the masseter muscle, which 
exhibits instead a significant increase in oxygenation, again suggesting 
increased perfusion, during post-handgrip muscle ischemia. We further 
observe that the average pattern of response to post-handgrip muscle 
ischemia qualitatively mimics the response to cold pressor test. It is 
tempting to speculate that this represents the sympathetic response 
pattern to painful stimuli, even though the relevant somatosensory 
pathways are different for the two tests, originating mostly from cuta-
neous receptors for cold pressor test, and from group III and IV muscle 
afferents for post-handgrip muscle ischemia This possibility is further 
supported by the observation that muscle sympathetic nerve activity is 
not differently affected by skin or muscle pain produced by injection of 
hypertonic saline (Burton et al., 2009). 

4.7. Peculiarity of the masseter muscle 

Several studies investigated the histological characteristics of jaw 
and limb muscles evidencing a richer composition of different fiber 
types, higher compartmentalization, and smaller average fiber size in 
the jaw than in limb muscles, which was interpreted as functional to 
implement a higher variability of tasks (speaking, chewing, singing, 
yawning, etc.), better force gradation and better adaptations to envi-
ronmental constraints (English, 1985; Korfage et al., 2005; Österlund 
et al., 2011). One study specifically addressed differences in anatomical 
vascularization: capillary density was significantly higher in the head 
(orofacial and masseter) than in limb muscles (Stål et al., 1996). In 
particular, the authors found in the masseter the highest capillary den-
sity ever reported of 686–813 capillaries/mm2, which in the biceps 
muscle only reached 440 capillaries/mm2 (Stål et al., 1996). They 
interpreted this observation as due to a relatively higher demand of 
blood supply in orofacial and masticatory muscles, possibly related to 1) 
the high oxidative capacity of type II masseter fibers, and 2) a stronger 
control over facial blood flow, as may be necessary for the temperature 
regulation, of tissues more exposed to environmental challenges as 
compared to other body areas. 

The presently observed weak or absent sympathetic constrictor ac-
tion in the masseter muscle under a variety of stressful challenges fits 
with the idea that the head region is particularly protected against the 
risk of hypoperfusion and ischemia as indicated by histological reports. 

One additional explanation could be that extracranial head districts 
are affected by a lower perfusion pressure, compared to other body areas 
situated at or below heart level, whenever the body is in an erect or 
sitting posture. The head is continuously exposed to this condition 
during the whole day, with basically the only exception of sleeping time. 
Increased vascularization and weakened constrictor action could be the 
results of an adaptation to this situation. Other data support this inter-
pretation: 1) Increased vascularization is not limited to the jaw muscles 
but is shared by orofacial muscles in general, sharing the same 
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hemodynamic situation (Stål et al., 1996), 2) a similar difference, i.e., 
weaker sympathetic constrictor responses is reported in upper, 
compared to lower limbs, (Rusch et al., 1981) thereby indicating 
increased sympathetic tone to body areas affected by high hydrostatic 
pressure. 

It should be considered that hemodynamic responses are likely to be 
affected by changes in transmural and perfusion pressure that would 
differently affect head and limb muscles in a vertical position of the 
trunk, compared to the supine. In fact, differences in the transmural 
pressure of blood vessels were shown to affect vascular responses to 
dilatory stimuli (Jasperse et al., 2015; Seddone et al., 2020). To what 
extent the stress-related hemodynamic responses could change in the 
different positions cannot be predicted from the present results, how-
ever, we point out that some of the previous studies in the masseter 
muscle were conducted in the sitting position e.g., (Maekawa et al., 
1998b) and reported similar dilatory response to cold pressor test, which 
suggests that the presently highlighted differences between the two 
muscles would not be altered during erect trunk posture. 

4.8. Mechanisms underlying differential sympathetic control 

Although the present study was not designed to identify the mech-
anisms underlying the differential sympathetic action to the two mus-
cles, the different possibilities can be briefly discussed. While the 
general sympathetic action on vascular networks is known to be an 
alpha-adrenergic mediated vasoconstriction, a dilatory response has 
often been reported in skeletal muscles and is considered to be mediated 
by beta-2 adrenergic receptors. The alternative hypothesis of para-
sympathetic- (Ishii et al., 2011) or, more generally, Ach-mediated dila-
tation (Sanders et al., 1989) has been dismissed since vascular 
cholinergic fibers have never been observed in human skeletal muscles 
(Joyner & Dietz, 2003). As such, a beta-2 mediated-dilatation is likely to 
result from the action of circulating adrenaline (which has a higher af-
finity to beta2-adrenergic receptors than noradrenaline) as far as the 
alpha-1 mediated constriction does not prevail. Exposure to a small 
amount of adrenaline produced dilatation in both masseter and quad-
riceps rabbit muscles, while higher doses produced vasoconstriction 
(Terakawa & Ichinohe, 2012). Thus, the net “beta” or “alpha” effect 
(Montoya et al., 1997) observed on a given muscle, may depend on 
several factors such as the density of beta- and alpha-adrenergic re-
ceptors in the muscle under study as well as on the relative concentra-
tions of adrenaline and noradrenaline, resulting from a 
stressor-dependent hormonal vs. neural sympathetic outflow (Gold-
stein & Kopin, 2008; Roatta et al., 2011). The hyperemic responses to 
stress observed in the present study could result from a higher density of 
beta2-adrenergic receptors in the masseter compared to the biceps 
muscle, but we could find no comparative study in the literature sup-
porting this hypothesis. Alternatively, the increase in sympathetic 
outflow to head muscles could be generally lower than to limb muscles, 
but also in this case there is no direct support to the hypothesis, given 
that, to our knowledge, muscle sympathetic nerve activity has never 
been investigated in head muscles. 

It should also be observed that increased muscle perfusion may also 
take place during vasoconstriction if a concomitant and proportionally 
stronger increase in arterial blood pressure also occurs. Irrespective of 
the underlying mechanisms the present results evidence a differential 
vascular effect in the two muscles pointing to a consistent dilatory or a 
weaker constrictory action in the masseter compared to the biceps 
muscle. 

4.9. Implications 

The reason for investigating the effect of sympathetic activation on 
facial and masticatory muscles has often been the possible implication of 
the sympathetic nervous system in painful muscle syndromes (Hidaka 
et al., 2004a; Hidaka et al., 2004b; Maekawa et al., 1998a). In fact, the 

masseter muscle, is a common site for myofascial pain, more often 
localized in the deep part of the muscle (Fricton et al., 1985). 

Most investigations on the issue were carried out in the trunk and 
limbs, leading to several causative hypotheses (Jänig and Häbler, 2000; 
Sjøogaard et al., 2000). A major mechanism in the devel-
opment/maintenance of the chronic syndrome is considered to be the 
ischemia or hypoperfusion leading to the increase in oxidative stress and 
inflammation and then to pain and tenderness to palpation (Simons & 
Mense, 1998). In this respect, the vasoconstrictory sympathetic action is 
considered to worsen the situation (Koltzenburg, 1997; Passatore & 
Roatta, 2006; Queme et al., 2017). 

Although blood flow reduction is commonly observed in response to 
electrical sympathetic stimulation in animal models (Roatta et al., 2009) 
or physiological stressful stimuli, (Ichinohe et al., 2020; Roatta et al., 
2011) we could not find any report of sympathetic vasoconstriction in 
orofacial muscles in humans. Human studies based on near-infrared 
spectroscopy investigations generally report increased blood volume 
and/or oxygenation in response to stress, suggestive of increased 
perfusion (Hidaka et al., 2004b; Maekawa et al., 1998a). It was sug-
gested that the lack of such dilatory response could be related to the 
occurrence of myofascial pain (Maekawa et al., 2002). Conversely, 
excessive dilatation in extra-cranial territories was also considered as a 
possible cause of pain (see Shevel, 2011 for a review), while additional 
pathways not based on hemodynamic alterations have also been hy-
pothesized (Inchiosa Jr, 2013). The present study confirms the general 
absence of vasoconstriction in the masseter muscle in response to a 
variety of different stressors but does not provide additional elements to 
clarify the mechanisms behind chronic muscle pain. 

5. Conclusion 

Simultaneous hemodynamic monitoring of head and limb muscles by 
spatially-resolved near-infrared spectroscopy evidenced differential 
patterns of response to different stressors: while the biceps muscle 
exhibited both constrictory and dilatory responses, no evidence of 
constriction was ever observed in the masseter, often exhibiting a sig-
nificant increase in tissue oxygenation and blood volume. In particular, 
clear-cut opposite changes were exhibited by the two muscles in 
response to painful stimuli (cold pressor test and post-handgrip muscle 
ischemia). We speculate that this results from a general strategy aimed 
at preserving blood flow to the head region, which is generally perfused 
at a lower blood pressure because of the hydrostatic gradient associated 
with the erect posture. 
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Jänig, W., & Häbler, H. J. (2000). Sympathetic nervous system: contribution to chronic 
pain. Progress in Brain Research, 129, 451–468. https://doi.org/10.1016/s0079-6123 
(00)80003-5 

Jasperse, J. L., Shoemaker, J. K., Gray, E. J., & Clifford, P. S. (2015). Positional 
differences in reactive hyperemia provide insight into initial phase of exercise 
hyperemia. Journal of Applied Physiology, 119(5), 569–575. https://doi.org/10.1152/ 
japplphysiol.01253.2013 

Joyner, M. J., & Dietz, N. M. (2003). Sympathetic vasodilation in human muscle. Acta 
Physiologica Scandinavica, 177(3), 329–336. https://doi.org/10.1046/j.1365- 
201X.2003.01090.x 

Koltzenburg, M. (1997). The Sympathetic Nervous System and Pain. In D. A., & B. JM. 
(Eds.), The Pharmacology of Pain (Handbook of Experimental Pharmacology) (Volume 
130, pp. 61–91). Springer Verlag. https://doi.org/10.1007/978-3-642-60777-6_4.  

Korfage, J. A. M., Koolstra, J. H., Langenbach, G. E. J., & Van Eijden, T. M. G. J. (2005). 
Fiber-type composition of the human jaw muscles - (Part 2) Role of hybrid fibers and 
factors responsible for inter-individual variation. Journal of Dental Research, 84(9), 
784–793. https://doi.org/10.1177/154405910508400902 

Leuenberger, U. A., Hardy, J. C., Herr, M. D., Gray, K. S., & Sinoway, L. I. (2001). 
Hypoxia augments apnea-induced peripheral vasoconstriction in humans. Journal of 
Applied Physiology, 90(4), 1516–1522. https://doi.org/10.1152/ 
jappl.2001.90.4.1516 

Linde, B., Hjemdahl, P., Freyschuss, U., & Juhlin-Dannfelt, A. (1989). Adipose tissue and 
skeletal muscle blood flow during mental stress. The American Journal of Physiology, 
256(1 Pt 1), E12–E18. https://doi.org/10.1152/ajpendo.1989.256.1.E12 

Low, P. A. (2003). Testing the autonomic nervous system. Seminars in Neurology, 23(4), 
407–421. https://doi.org/10.1055/s-2004-817725 

Maekawa, K., Clark, G. T., & Kuboki, T. (2002). Intramuscular hypoperfusion, adrenergic 
receptors, and chronic muscle pain. The Journal of Pain, 3(4), 251–260. https://doi. 
org/10.1054/jpai.2002.125923 

Maekawa, K., Kuboki, T., Clark, G. T., Shinoda, M., & Yamashita, A. (1998a). Cold 
pressor stimulus temperature and resting masseter muscle haemodynamics in normal 
humans. Archives of Oral Biology, 43(11), 849–859. https://doi.org/10.1016/S0003- 
9969(98)00072-7 

Maekawa, K., Kuboki, T., Clark, G. T., Shinoda, M., & Yamashita, A. (1998b). Cold 
pressor stimulus temperature and resting masseter muscle haemodynamics in normal 
humans. Archives of Oral Biology, 43(11), 849–859. https://doi.org/10.1016/S0003- 
9969(98)00072-7 

Marriott, I., Marshall, J. M., & Johns, E. J. (1990). Cutaneous vascular responses evoked 
in the hand by the cold pressor test and by mental arithmetic. Clinical Science, 79(1), 
43–50. https://doi.org/10.1042/cs0790043 

Messere, A., Ceravolo, G., Franco, W., Maffiodo, D., Ferraresi, C., & Roatta, S. (2017). 
Increased tissue oxygenation explains the attenuation of hyperemia upon repetitive 
pneumatic compression of the lower leg. Journal of Applied Physiology, 123(6), 
1451–1460. https://doi.org/10.1152/japplphysiol.00511.2017 

Messere, A., & Roatta, S. (2013). Influence of cutaneous and muscular circulation on 
spatially resolved versus standard Beer-Lambert near-infrared spectroscopy. 
Physiological Reports, 1(7), 1–10. https://doi.org/10.1002/phy2.179 

Messere, A., Tschakovsky, M., Seddone, S., Lulli, G., Franco, W., Maffiodo, D., & 
Roatta, S. (2018a). Hyper-Oxygenation Attenuates the Rapid Vasodilatory Response 
to Muscle Contraction and Compression. Frontiers in Physiology, 9(1078). https://doi. 
org/10.3389/fphys.2018.01078 

Messere, A., Tschakovsky, M., Seddone, S., Lulli, G., Franco, W., Maffiodo, D., & 
Roatta, S. (2018b). Hyper-Oxygenation Attenuates the Rapid Vasodilatory Response 
to Muscle Contraction and Compression. Frontiers in Physiology, 9, 1078. https://doi. 
org/10.3389/fphys.2018.01078 

Montoya, P., Brody, S., Beck, K., Veit, R., & Rau, H. (1997). Differential beta- and alpha- 
adrenergic activation during psychological stress. European Journal of Applied 
Physiology and Occupational Physiology, 75(3), 256–262. https://doi.org/10.1007/ 
s004210050157 

Ogata, H., Hobara, H., Uematsu, A., & Ogata, T. (2012). Limb oxygenation during the 
cold pressor test in spinal cord-injured humans. Clinical Autonomic Research, 22(2), 
71–78. https://doi.org/10.1007/s10286-011-0143-5 

Ogata, H., Yunoki, T., & Yano, T. (2002). Effect of arm cranking on the NIRS-determined 
blood volume and oxygenation of human inactive and exercising vastus lateralis 
muscle. European Journal of Applied Physiology, 86(3), 191–195. https://doi.org/ 
10.1007/s00421-001-0527-7 
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Abstract
Objective. Altered temporalmuscle perfusion is implicated in several painful disorders afflicting
orofacial and head regions, including temporomandibular joint dysfunctions, bruxism, and headache.
Knowledge about the regulation of blood supply to the temporalismuscle is limited, due to
methodological difficulties. The study aimed to test the feasibility of near-infrared spectroscopy
(NIRS)monitoring of the human temporalmuscle.Approach. Twenty-four healthy subjects were
monitoredwith a 2-channelNIRS: amuscle probe placed over the temporalmuscle and a brain probe
placed on the forehead. A series of teeth clenching at 25, 50, and 75%ofmaximumvoluntary
contraction for 20 s and hyperventilation for 90 s at 20mmHgof end-tidal CO2were performed, to
elicit hemodynamic changes inmuscle and brain, respectively.Main results. In twenty responsive
subjects, NIRS signals fromboth probeswere consistently different during both tasks. The absolute
change in tissue oxygenation index (ΔTOI) as detected bymuscle and brain probeswas−9.40± 12.28
and 0.29± 1.54%during teeth clenching (p< 0.01) at 50%maximumvoluntary contraction, while
−1.03± 2.70 and−5.11± 3.81%during hyperventilation (p< 0.01), respectively. Significance.
Distinct response patterns were observed from the temporalmuscle and prefrontal cortexwhich
proves that this technique is adequate tomonitor tissue oxygenation and hemodynamic changes in
human temporalmuscle. Noninvasive and reliablemonitoring of hemodynamics in thismuscle will
help to extend basic and clinical investigations about the peculiar control of bloodflow in head
muscles.

Introduction

The human temporalis is a fan-shaped thinmuscle that extends superficially from the temporal bone to the
coronoid process of themandible and serves as one of the essentialmasticatorymuscles to perform elevation and
retraction of themandible (Yu et al 2021). The temporalismuscle is implicated in several painful disorders
afflicting the orofacial and head regions, including temporomandibular joint dysfunctions, bruxism (Lavigne
et al 2008, Yap andChua 2016), and headache (Exposto et al 2021). Vascular dysfunctions inmasticatory
muscles have often been considered a possible cause of pain symptoms, related either to decreasedmuscle
perfusion (Maekawa et al 2002, Shah et al 2019) or to excessive dilatory phenomena (Jensen 1993), although this
latter issue is still debated (Jacobs andDussor 2016,Mason andRusso 2018). It has also been suggested that
bloodflow is differently controlled in headmuscles, compared to limbmuscles but investigations in the head
region aremostly limited to themassetermuscle (Nakamura et al 2005, Rashid andRoatta 2022). In fact,
investigations about the regulation of bloodflow in the temporalismuscle are scanty. The blood supply to the
temporalismuscle is provided by the anterior and posterior deep temporal arteries, which are branches of the
internalmaxillary artery, and anastomosewithin themuscle with themiddle temporal artery, which is a branch
of the superficial temporal artery (Elazab andAbdel-Hameed 2006). For this reason, Doppler ultrasound of the
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superficial temporal artery, which is taken downstream to the branching of themiddle temporal artery (Arbeille
et al 2011, Noumegni et al 2021) is not a viable investigative technique, for this purpose.

Temporalismuscle blood flowwasmeasured in a few studies in healthy and headache-afflicted volunteers by
the Xenon 133 (133Xe) clearance technique (Petersen andChristensen 1973, Jensen andOlesen 1985, Langemark
et al 1990), which requires injection of tracer depots into the thickest part of themuscle and scintillation
detectors over each depot to register the tracer washout. The technique has, obviously, the disadvantage of being
invasive and exposing to gamma rays.More recently,magnetic resonance imaging has been employed for
diagnostic imaging (Geers et al 2005, Veldhoen et al 2014). It is, however, quite expensive and can be affected by
movement, e.g. by swallowing or coughing,making it unsuitable for continuous bedsidemonitoring.

Amore convenient and noninvasive technique is near-infrared spectroscopy (NIRS), even though it does not
measure bloodflow: by detecting concentration changes in oxygenated and deoxygenated hemoglobin, NIRS
reveals changes in tissue oxygenation and blood volume. This technique is widely adopted to investigate cerebral
hemodynamics, with optical probes placed on the forehead as well as all over the skull, using dedicated helmets
(Chen et al 2020). To our knowledge, only two early studies adaptedNIRS to investigate hemodynamics of the
temporalismuscle which, however, did not consider the possibility of interference frombrain hemodynamics
(Kim et al 1999, Tsukiyama et al 1999).

A constant issuewith brainmonitoring is that the cerebralNIRSmeasurementmay be contaminated by
bloodflow changes occurring in themore superficial cutaneous andmuscular extracranial tissues (Canova et al
2011, Schecklmann et al 2017). In the sameway, the intendedmonitoring of superficial tissues could be
contaminated by deeper ones. ReliableNIRSmonitoring of temporalismuscle requires that contributions from
more superficial (skin) andmore deep tissues (brain) are both excluded from themeasurement.While
contributions of changes in cutaneous circulations have been successfully eliminatedwith different techniques,
whetherNIRSmeasurement can be focused on the temporalismuscle and unaffected by hemodynamic changes
occurring at the cerebral level has not been investigated, but is a necessary condition for reliablemeasurements.

The issue is relevant consideringmany clinical conditions that have been related to vascular dysfunctions in
thismuscle and the lack of alternativemonitoringmethodologies. The study aimed to test the reliability ofNIRS
monitoring in detecting hemodynamic changes in the temporalismuscle with respect to possible interference
from cerebral hemodynamics.

Method

Subjects and ethical approval
Twenty-four (22± 2 years; 13males, 11 females) subjects with no history of bruxism, orofacial pain,
craniomandibular or temporomandibular disorders were enrolled for this study, but four subjects (2males and
2 females)were later excluded from the analysis due to unresponsiveness ofNIRS variables (see Results). This
studywas carried out according to theDeclaration ofHelsinki andwas approved byComitato di Bioetica
dell’Università degli Studi di Torino (Protocol# 60195). All subjects gave their written informed consent before
participation.

Monitoring equipment andmeasurements
The cerebral tissue oxygenation and blood volumewere detected by near-infrared spectroscopy (NIRO-200NX,
Hamamatsu Photonics, Hamamatsu, Japan), which simultaneously provided conventional Beer–Lambert (B–L)
and spatially resolved spectroscopy (SRS) parameters, the lattermethodology being less affected by changes in
cutaneous circulation (Canova et al 2011,Messere andRoatta 2013). SRSmeasures of tissue oxygenation and
blood volume are provided, respectively, by the tissue oxygenation index (TOI), expressed in%, and the tissue
hemoglobin index (THI), expressed in arbitrary units (a.u.), whereas B–L parameters indicate changes in the
concentration of oxyhemoglobin+ oxymyoglobin (O2Hb), deoxyhemoglobin+ deoxymyoglobin (HHb) and
total hemoglobin (tHb=O2Hb+HHb), expressed inμM*cm. The device has two probes: themuscle probewith
an inter-optode distance of 3 cmwas placed over the left anterior temporalmuscle, while the brain probewith an
inter-optode distance of 4 cmwas placedmoremedially, over the right prefrontal cortex, as shown infigure 1. A
larger inter-optode distance was chosen for the brain probe to increase the depth of the sample volume,
approximately equal to half of the inter-optode distance.

The electromyographywas recorded (Quattro, OTBioelectronics, Torino, Italy; gain 1200; bandwidth
10–500 Hz) from the right anterior temporalmuscle bymeans of 2 electrodes (FIAB Spa, Florence, Italy, inter-
electrode distance 2.3 cm, inter-electrode axis parallel to the orientation of themusclefibers, ground electrode
stuck to the right ear) as shown infigure 1, aiming tomonitor contraction levels during teeth clenching and
possible involuntary contraction throughout the experiment.
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The clenching force was bilaterallymeasured through an improved version of a custom-made device (Testa
et al 2015, 2016) based onfilm sensors (FlexiForce A201Tekscan, Boston,MA,USA) and visual feedback of the
total clenching force (left+ right)was provided to the subject to perform constant-force clenching tasks (Testa
et al 2011).

The partial pressure of end-tidal carbondioxide (PETCO2)wasmonitoredusing a capnograph (Capnostream™

20pBedside PatientMonitorwithMicrostream™Technology,OridionMedical, Jerusalem, Israel).

Experimental procedures
The studywas performed in a quiet roomunder constant environmental conditions, with the subject sitting in a
comfortable chair, without any visual or auditory disturbances. After a 10min resting period, necessary to reach
stable hemodynamic levels, the subjects performed teeth clenching and hyperventilation, separated by a 10min
interval.

Teeth clenching
The subjects performed a series of teeth clenching at 25, 50, and 75%ofmaximumvoluntary contraction for 20 s
each. The visual feedback of the exerted clenching forcewas provided on a computer screen and a horizontal
cursorwas placed to indicate each targeting clenching force level.

Hyperventilation
The subjects were asked to hyperventilate to achieve andmaintain for 90 s the PETCO2 of 20 mmHg. To this end,
theywere providedwith visual feedback from the display of the capnograph, whichwas continuously
monitoring PETCO2 from the expiratory flow collected by a nasal cannula, and a horizontal cursor was placed at
20 mmHg indicating the target PETCO2 (Rashid et al 2022).

Subjects were frequently reminded tomaintain the jawmuscles relaxed, particularly during baseline
recordings and during hyperventilation.

Data acquisition, processing, and statistical analysis
All signals were continuously digitally sampled (CEDMicro 1401 acquisition board and Spike2 ver. 9.15,
Cambridge ElectronicDesign, Cambridge, UK) at 100 Hz and stored on the computer.MATLAB® ver. R2022b
(TheMathWorks, Natick,MA,USA)was used to analyze signals and construct the figures, while IBM® SPSS®

Statistics ver. 29 (SPSS Inc., Chicago, IL, USA)was used to perform statistical analysis. The baseline values of all
variables were taken as a time average calculated over the 20 s interval preceding the beginning of the task (teeth
clenching and hyperventilation), while the task effect was assessed over the last 2 s of teeth clenching and over the
last 20 s of hyperventilation. After normality assessment using Kolmogorov-Smirnov test, all variables (ΔO2Hb,
ΔHHb,ΔTOI, andΔTHI)were analyzed. A repeatedmeasures analysis of variance, with factors probe (muscle/
brain) and contraction level (25, 50, and 75%)was used for teeth clenching analysis. Analysis of hyperventilation,

Figure 1. Schematic representation of the location of near-infrared spectroscopy probes (optodesmarkedwith squares) and
electromyography electrodes (markedwith circles).
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paired student t-test was used to test the difference between brain andmuscle probes. Data in the results section
are presented asmean± standard deviation and for all analyses, the significance level was set at p= 0.05.

Results

In four subjects no contraction-related response inNIRS signals, i.e. a decrease in TOI and/or specular changes
exhibited byO2Hb (decrease) andHHb (increase)was detected; theywere therefore excluded from the analysis,
whichwas then performed on twenty subjects. No relevant electromyography activationwas observed during
baseline intervals and during hyperventilation. The time course of hemodynamic responses to teeth clenching
and hyperventilation are presented infigure 2 (left and right), respectively, by average curves of all NIRS
variables, obtained from twenty subjects. Numerical values of observed changes are reported in table 1, while the
statistical significance of differences betweenmuscle and brain variables is reported in table 2.

Teeth clenching
The responses to the three different contraction levels are superimposed for both probes with different colors
(figure 2, left). Signals from themuscle probe exhibit the expected changes that take place during an isometric
contraction, namely a decrease in oxygenation andO2Hb and an increase inHHb, accompanied by some
decrease in blood volume (THI). The effects are generally increasing with the contraction level, although at 50
and 75%ofmaximumvoluntary contraction, the curves are similar. Conversely signals from the brain probe are
basically not responding to any level of teeth clenching. Notably, all variables exhibit a significant difference
betweenmuscle and brain. In particular, the absolute change in tissue oxygenation index (ΔTOI)was−4.35±
7.66,−9.40± 12.28 and−11.36± 13.66%on the temporalmuscle while 0.80± 2.24, 0.29± 1.54 and 0.45±
1.88%on the prefrontal cortex, during 25, 50, and 75%ofmaximumvoluntary contraction, respectively.

The actual distribution ofΔTOI values is shownby box plots (figure 3, left). In spite of the overall significant
effects, seven subjects exhibited little or no change in tissue oxygenation (ΔTOI<−3%), although all of them
exhibited clear and specular changes inO2Hb andHHb: a representative recording of this pattern is presented in
figure 4.

Hyperventilation
MuscleNIRS signals are all unresponsive to hyperventilation as well asO2Hb,HHb, andTHI from the brain
probe. A distinct response is only exhibited by TOI from the brain probe, in terms of a clear-cut and sustained
decrease (−5.11± 3.81%), significantly different (p< 0.01) from the responses collected on themuscle (−1.03
± 2.70%) (figure 2, right).

As shown in the box plot (figure 3, right), a TOI decrease was occasionally detected by themuscle probe: only
in three subjects the absolute changewas> 3%.

Discussion

In the present study the use ofNIRS for hemodynamicmonitoring of the temporalismuscle was tested during
isometricmuscle contractions (teeth clenching) and hyperventilation. Different levels ofmuscle contraction
produced amarked and progressive decrease in tissue oxygenation (decrease in TOI andO2Hb, and increase in
HHb) and blood volume (THI) in a force-level dependentway. In addition, NIRS variables were not affected by
hyperventilation, which is known to provokemarked vasoconstriction and a decrease in oxygenation of cerebral
tissue. Conversely, NIRSmonitoring from the forehead correctly detected a consistent TOI decrease during
hyperventilation andno changes during teeth clenching. These results demonstrate thatNIRSmonitoring can
be used to reliably detect hemodynamic changes in the temporalismuscle, with no interference from changes in
cerebral blood flow.

A number of studies investigating cerebral hemodynamics with functional NIRS evidenced the risk of
getting artifacts and disturbances inNIRS signals from the temporalismuscle when optodes are placed on the
temple region, as easily occurs whenwearing functional NIRS headsets (Schecklmann et al 2017,Morais et al
2018,Nakajima et al 2020). To our knowledge, NIRS investigation of temporalmuscle was implemented only in
two early studies, both from the same group (Kim et al 1999, Tsukiyama et al 1999). However, their observations
were limited to the concentration changes of tHb, taking place during clenching and in the subsequent
hyperemic phase. Unfortunately, no informationwas given about the adopted inter-optode distance, and the
possible influence of cerebral hemodynamics on the putativemuscle signals was not investigated.

The difficulty of discriminating between superficial and deep tissues is still amajor limitation of theNIRS
methodology. Vegetative reactions, emotional stimuli, and cognitive tasksmay affect the superficial extracranial
circulation and disturb the assessment of deeper cerebral hemodynamics (Canova et al 2011,Minati et al 2011,
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Kirilina et al 2013), just as thermoregulatory changes in the skinmay disturb the assessment of hemodynamic
changes in skeletalmuscles (Messere andRoatta 2013, Grassi andQuaresima 2016). Differentmethodologies
have been devised to limit or exclude the contribution from superficial tissues and focus themeasurement in

Figure 2.Hemodynamic response to teeth clenching (left) and hyperventilation (right). From top to bottom: clenching force (left) and
partial pressure of end-tidal CO2 (right); changes in oxygenated hemoglobin (ΔO2Hb); deoxygenated hemoglobin (ΔHHb); tissue
oxygenation index (TOI); and tissue hemoglobin index (THI). Each curve represents the average over all subjects (n= 20); responses
to the three contraction levels (left only) and the 2 probes (muscle and brain) are superimposed. The black bars at the bottom represent
the task duration.
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Table 1.Changes exhibited by near-infrared spectroscopy variables in response to teeth clenching and hyperventilation (mean± standard deviation; n= 20).

Parameter
Teeth clenching Hyperventilation

Muscle Brain
Muscle Brain

25%MVC 50%MVC 75%MVC 25%MVC 50%MVC 75%MVC

ΔO2Hb (μM*cm) −92.43± 96.71 −198.02± 154.62 −250.96± 136.90 −23.73± 87.94 −1.73± 18.75 18.46± 33.29 4.32± 48.64 6.36± 61.04

ΔHHb (μM*cm) 72.84± 61.24 125.78± 66.37 146.69± 64.12 −14.74± 52.95 −1.03± 12.00 −1.46± 14.65 −2.59± 31.23 −4.98± 24.89

ΔTOI (%) −4.35± 7.66 −9.40± 12.28 −11.36± 13.66 0.80± 2.24 0.29± 1.54 0.45± 1.88 −1.03± 2.70 −5.11± 3.81

ΔTHI (a.u.) −0.03± 0.08 −0.06± 0.10 −0.09± 0.13 −0.002± 0.06 0.004± 0.04 −0.01± 0.04 −0.03± 0.08 −0.03± 0.07

Note:MVC—maximumvoluntary contraction.
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depth. In particular, several studies fromour and other groups have pointed out that SRS effectively rejects
contributions from superficial tissues allowing us tomore specifically focus themeasurement on the deeper
brain (Quaresima et al 2000, Canova et al 2011) andmuscle tissue (Messere andRoatta 2015,Messere et al 2018).
For example, increased cerebral blood volumewas erroneously detected by the classical B–L parameter tHb in
contrast with the decrease detected by SRS variable THI in 33%of healthy subjects during hyperventilation and
in 46%of subjects performingValsalvamaneuver (Canova et al 2011). Similar results were obtainedwhen
monitoring changes in skeletalmuscles whereby increased bloodflow in cutaneous tissues (Messere and
Roatta 2013) and in superficial veins of the arm (Messere andRoatta 2015), by thermal stimuli produced
increases in tHb but not THI. The data collected from the brain probe in the present study provide a further
confirmation: during hyperventilation, only SRS parameter TOIwas able to detect the decrease in cerebral
oxygenationwhile the standard B–L parameters (O2Hb andHHb) did not detect significant effects.

Investigation of the temporalmuscle however presents a further challenge as themeasurement needs to be
focused on the intermediatemuscle layer, i.e. requiring to prevent contributions from the brain, as well as from
the skin. It could be objected that optical signals from the brain are tooweak to disturb the signals reflected by
themore superficialmuscle. Thismay be true during the hyperemic response tomuscle contraction, promoted
not only bymetabolic but also bymechanical stimuli on themusculo-vascular network (Clifford 2011)which
can elicit a rapid dilatation even in response to short lasting (<1 s) contractions (Turturici et al 2012) resulting in

Figure 3.Box plots illustrating the actual distribution of the changes in tissue oxygenation (ΔTOI) reported in table 1, for both the
muscle and the brain probes, in response to teeth clenching (left) and hyperventilation (right), as described bymean (×), median (red
line), interquartile range (box), lower whisker, upperwhisker, and single values that aremore than 1.5 times the interquartile range
away from the bottomor top of the box (+).

Table 2. Significance ofmain factors (probe location:muscle and brain; contraction level: 25, 50, and
75%ofmaximumvoluntary contraction) during teeth clenching andmuscle versus brain difference
during hyperventilation (n= 20).

Parameter
Teeth clenching

Hyperventilation

Muscle/Brain Contraction level Interaction Muscle/Brain

O2Hb (μM*cm) <0.001* <0.001* <0.001* 0.880

HHb (μM*cm) <0.001* <0.001* <0.001* 0.792

TOI (%) 0.003* 0.009* 0.005* 0.003*

THI (a.u.) 0.020* 0.047* <0.001* 0.779

Note: (*) statistical significance p= 0.05.
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amarked increase in tissue oxygenation thatmay lastmore than 30 s (Messere et al 2018). Such responses were
also observed in the temporalismuscle in response to brief teeth clenching and reported to ‘saturate’NIRS
signals and completelymask brain signals, i.e. producing large artifacts in functional NIRS recordings
(Schecklmann et al 2017). However, in resting conditions perfusion inmusclemay be 1/10 than in brain tissue,
and the possibility that cerebral hemodynamic changesmay affect the putativemuscle signals needs to be
prevented. This latter requirement can be obtained by reducing the inter-optode distance. Since themaximum
depth of theNIRS sample volume is roughly equal to half of the inter-optode distance. Distances of 4 cmor
greater were recommended for cerebral hemodynamics investigations (Quaresima et al 2000). Here, we
maintained a 4 cmdistance for the brain probe but adopted a shorter distance (3 cm) for themuscle probe. This
choicewas effective inmakingNIRSmeasurements on the temporalismuscle independent of cerebral
hemodynamics. In fact, a strong stimulus like hyperventilation, which provokes amarked cerebral
vasoconstriction and amarked drop in cerebral oxygenation (−5% in the present study) did not generally affect
themusclemeasurement. At the same time, themuscle probe distinctly detected the typical hemodynamic
changes of isometricmuscle contractions, during teeth clenching. It can be observed infigure 2 (left) that the
onset of contraction is associatedwith a sharp reduction of blood volume in themuscle (THI)which slowly
recovers at a low contraction level (25%ofmaximumvoluntary contraction), as previously observed (Kim et al
1999), but not at higher levels (50 and 75%ofmaximumvoluntary contraction), which suggests that functional
dilatorymechanisms are overcome by intramuscular pressures at high contraction levels.

Itmust be pointed out that in four subjects no evidence of contraction of the temporalismuscle could be
detected fromNIRS signals, in spite of clear electromyographic activation. Possible reasons behind this failure
are themisplacement ofNIRS probe due to an extended hairy region or a bad optical coupling between optodes
and tissue, due to some hair interposed between them.Moreover, in about 1/3 of the subjects the responses were
collected only from the B–L parameters O2Hb,HHb, and tHb, not by SRS parameter TOI.Our interpretation is
that the different indications result from the different sample volumes considered by two techniques; SRS
excluding the superficial tissue layers, and B–L including both superficial and deep layers. Considering that the
NIRS probewas generally located over themost anterior portion of the temporalismuscle, where it gets thinner,
it is possible that, in these seven subjects, thismuscle portionwas too superficial to be adequately sampled by SRS
methodology. This latter interpretation is also supported by the discordant indication provided by the blood
volume indicators tHb (B–L) andTHI (SRS), shown infigure 4: a pattern also encountered in a previous study
(Canova et al 2011) and attributed to differences in sample volume, as already described above.On this basis, we

Figure 4.Original recordings from a subject exhibiting no relevant changes in tissue oxygenation (TOI) and clear-cut changes in
oxygenated (O2Hb) and deoxygenated (HHb) hemoglobin, during teeth clenching at three different levels, 75, 50, and 25%of the
maximumvoluntary contraction, from left to right, as indicated by the force signal (F) and the electromyographic activity (EMG).
Note also the discordant changes exhibited by two blood volume indices (tHb andTHI, bottom traces).
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can conclude that specificmonitoring of the temporalismuscle byNIRS is possible but should be carefully tested
in individual subjects: upon sustained teeth clenching a specular increase/decrease pattern should be observed
inHHb/O2Hb, possibly accompanied by a decrease in TOI, if available.

Muscles of the head present peculiar differences from limbmuscles ranging fromhistology (Stål et al 1996),
to function (Sciote et al 2003), to control of blood perfusion (Rashid andRoatta 2022). However,most
functional and hemodynamic studies are carried out on themassetermuscle, while othermasticatory and head
muscles have been less investigated. The reliability ofNIRSmonitoring documented in the present studywill
hopefully promote basic and clinical investigations of perfusion and oxygenation in the temporalismuscle in
physiological and pathological conditions.

While in the present study changes in blood flowwere inferred from changes in tissue oxygenation, recent
developments in near-infraredmonitoring, by diffuse correlation spectroscopy, allow for direct assessment of
bloodflow changes in deep tissues (Shang et al 2017). This represents a promisingmethodology, which however
has never been tested onmasticatorymuscles, as yet. However, this technique, being still based on near-infrared
light scattering, potentially suffers from the same limitations of classical NIRS, such as sensitivity tomovement
artifacts and influence from cutaneous tissue layers (Bartlett et al 2021). For this reason, the present investigation
is likely to be helpful for diffuse correlation spectroscopy applications in the temporalismuscle.

Conclusion

By testing the response to teeth clenching and hyperventilationwewere able to demonstrate the capacity ofNIRS
monitoring to focus themeasurement of blood volume and tissue oxygenation on the temporalismuscle, with
virtually no interference from the brain. Thanks to its non-invasiveness and ease of application, this technique
will conveniently be adopted in new investigations on the temporalismuscle function, in health and disease.
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Abstract 

Autonomic control of facial blood blow is an integral part of the social behavioral patterns. 

However, the specific control of blood flow in head muscles during stress is unknown. Aim 

of this study is to investigate the hemodynamic response of temporalis and masseter muscles 

in response to five different stressors. Sixteen healthy individuals were subjected to a 

randomized series of stressors, including cold pressor test, mental arithmetic test, apnea, 

isometric handgrip, and post-handgrip muscle ischemia, while in the sitting posture. Finger-

pulse photoplethysmography was used to measure arterial blood pressure, heart rate, and 

cardiac output. Near-infrared spectroscopy was used to measure changes in tissue 

oxygenation and hemoglobin indices from the temporalis and masseter muscles. All stressors 

effectively and significantly increased arterial blood pressure. Tissue oxygenation index 

significantly increased in both investigated head muscles during mental arithmetic test 

(temporalis: 4.22 ± 3.52 %; masseter: 3.43 ± 3.63 %) and isometric handgrip (temporalis: 

3.45 ± 3.09 %; masseter: 3.26 ± 3.07 %), suggesting increased muscle blood flow. Neither the 

masseter, nor the temporalis muscles evidenced a vasoconstrictive response to any of the 

stressors tested. In the different conditions, temporalis and masseter muscles exhibited similar 

hemodynamic patterns of response, which do not include the marked vasoconstriction 

generally observed in limb muscles. The peculiar sympathetic control of head muscles is 

possibly related to the involvement of these muscles in aggressive/defensive reactions and/or 

to their unfavorable position with regard to hydrostatic blood levels. 

Keywords 

Blood flow, Oxygenation, Masseter, Temporalis, Muscle, Stress  
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Introduction 

Autonomic control of extracranial areas of the head is an integral and relevant component 

of social behavior, and includes control of pupil size, salivation, skin blood flow etc. [1] 

Regarding blood flow control, several systems including parasympathetic, sympathetic and 

trigeminal sensory systems are possibly involved, with a complex interplay of dilatory and 

constrictory actions [2,3]. While there is an agreement about the possible sympathetic 

dilatory action in facial skin, e.g., during flushing [4], whether a peculiar sympathetic control 

also concerns head muscles is unknown. 

Interest in the control of muscle blood flow also comes from clinical studies. Altered 

masticatory muscle perfusion is implicated in numerous painful disorders afflicting head and 

orofacial regions [5,6], whereby inadequate delivery of oxygen and nutrients occurring 

during and after muscle contraction leads to muscle damage and functional impairment [7]. In 

this respect, the control of blood flow exerted by the sympathetic nervous system is of 

particular interest due to its general constrictory action oriented to limit blood flow, to both 

resting and working muscles [8,9] which has been implicated in pathophysiological 

mechanisms behind musculoskeletal disorders [10–12] and also in the orofacial area [13]. 

However, only few investigations have been carried out on the control of blood flow in 

masticatory muscles in physiological (e.g., acute stress exposure) [14,15] or pathological 

(e.g., chronic tension-type headache) [16] conditions. 

The control of sympathetic outflow may be highly differentiated to different body regions 

and numerous reports described an increase rather than a decrease in blood flow or tissue 

oxygenation in the masseter muscle during experimental stress [7,14,17]. By the 

simultaneous recording of tissue oxygenation in the masseter and biceps brachii muscles [18], 

we recently confirmed these observations, during exposure to different sympathetic activation 

tests: significant tissue oxygenation decreased in the biceps and increased in the masseter 

muscle. The reason for a different hemodynamic response of the masseter muscle to stress is 

unclear, and it is also unknown whether this preferential dilatory rather than constrictory 

response is specific to the masseter muscle or is shared by other head muscles. In fact, we 

hypothesized that this feature could characterize head muscles in general, due to the 

unfavorable hydrostatic gradient that affects the head, compared to trunk and limb muscles, 

in humans in the erect posture. 

Most studies of masticatory muscle perfusion have been confined to the masseter, a jaw-

closing muscle, whereas other head muscles have been little considered for hemodynamic 

investigations. We recently validated the possibility of using near-infrared spectroscopy 

(NIRS) on the temporalis muscle. In particular, the possibility was excluded that interference 

from the deeper brain tissue could affect the measurement [19]. Thus, this present study aims 

to test the hypothesis that the dilatory response to acute stress observed in the masseter 

muscle is shared by the temporal muscle. NIRS monitoring will be simultaneously performed 

on temporal and masseter muscles but, differently from our previous study [18], the subjects 

will maintain the sitting rather than the supine position, in order to test the secondary 

hypothesis that the hemodynamic response to stress is independent of current head-heart 
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hydrostatic gradients. In fact, in our previous study, subjects were investigated in the supine 

position so that both the masseter and biceps muscles were positioned at heart level [18], and 

it is presently unknown whether these responses are affected by body posture. 

Methods 

Subject and ethical approval 

Sixteen (8 males; age: 25 ± 4 years; weight: 69 ± 15 kg; height: 173 ± 10 cm) healthy 

university students participated in this study. The investigation was carried out according to 

the Declaration of Helsinki and was approved by Comitato di Bioetica dell'Università degli 

Studi di Torino (Protocol # 60195). All subjects gave their written informed consent before 

participation. 

Monitoring equipment and measurements 

Finger-pulse photoplethysmography (CNAP® Monitor, CNSystems Medizintechnik GmbH, 

Graz, Austria) was used to measure arterial blood pressure, heart rate, and cardiac output. 

Calibration of arterial blood pressure was periodically performed using a regular pneumatic 

cuff at the left arm. 

A custom-made device based on film sensors (FlexiForce A201 Tekscan, Boston, MA, 

USA) was used to measure handgrip force [20] and visual feedback has been provided to 

each subject to maintain constant force during isometric handgrip. 

Electromyographic signals (Quattro, OT Bioelettronica SRL, Torino, Italy; Gain 1200; 

Bandwidth 10 – 500 Hz) were recorded from right anterior temporal and right superficial 

masseter muscles by means of pairs of surface electrodes (FIAB SpA, Florence, Italy, inter-

electrode distance 2.3 cm, inter-electrode axis parallel to the orientation of the muscle fibers, 

ground electrode stuck to the right ear), to detect possible involuntary muscle contraction 

throughout the experiment. 

NIRS (NIRO-200NX, Hamamatsu Photonics, Hamamatsu, Japan) was used to measure 

changes in tissue oxygenation index (TOI, %) and tissue hemoglobin index (THI, a.u.). The 

device has two probes: one was placed over the left anterior temporal muscle [19] and the 

other over the left superficial masseter muscle [18]. 

Experimental procedures 

Experiments were conducted in a silent, light-attenuated, and temperature controlled (23 – 25 

°C) room, with a subject sitting in a comfortable chair. All signals reached a stable condition, 

then a 10-min baseline was recorded, after which volunteers completed a sequence of five 

different tasks in a randomized order, described below, except post-handgrip muscle ischemia 

which immediately followed the isometric handgrip. All volunteers were periodically 

reminded to relax their head muscles, especially masticatory muscles. 
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i. Cold pressor test 

The participant was asked to immerse and maintain for 1 min the right hand into a 

bucket filled with cold water (10 °C), and after the end of the task to rate the peak pain 

level experienced during the task using a visual analogue scale (from 0, no pain; to 10, 

worst imaginable pain). 

ii. Mental arithmetic test 

The participant was asked to progressively subtract the odd numbers (1, 3, 5 and so) 

from 1000 for 2 min while writing the outcome on the paper. One operator standing 

behind the subject monitored the outcome and compared it to a table reporting the 

correct answers, promptly asking the subject to repeat the calculation in case of error. 

iii. Apnea 

The participant was asked to hold their breath for 40 sec to maintain apnea. 

iv. Isometric handgrip 

The participant was asked to perform 50% of the maximum voluntary contraction with 

the right hand for 1 min using a previously calibrated handheld dynamometer [20]. To 

this end, they were provided with visual feedback from the computer monitor, which 

was continuously displaying the developed force and a horizontal cursor indicating the 

target force level, set at 50% of the maximum voluntary contraction. 

v. Post-handgrip muscle ischemia 

Ten seconds before the cessation of the isometric handgrip, a blood pressure cuff (Gima 

SpA, Milan, Italy), previously wrapped around the right arm, was inflated to 250 mmHg 

pressure and maintained at this level for 2 min to occlude arterial blood flow. The 

participant was later asked to rate the peak pain level experienced during the task, using 

a visual analogue scale. 

Data analysis and statistics 

All signals were continuously digitally sampled (CED Micro 1401 acquisition board and 

Spike2 ver. 9.15, Cambridge Electronic Design, Cambridge, UK) at 100 Hz, and statistical 

analysis was performed using MATLAB® ver. R2023a (The MathWorks, Natick, MA, USA). 

The baseline values of all variables were obtained as the time average calculated over the 20-

sec interval preceding the beginning of each task, while the task effect was assessed over the 

last 10-sec. The Kolmogorov-Smirnov test was used to assess the data’s normal distribution. 

Student t-tests were used to assess the statistical significance of stress-induced changes in all 

variables. In addition, the difference between effects on temporal and masseter muscles is 

also investigated using Hochberg’s test with Dunn/Sidak alpha correction for multiple 

comparisons. The results are presented as mean ± standard deviation in the text and by box 

plots in the figures. Correlation of effects observed in temporal and masseter muscles was 

assessed by the Pearson’s correlation coefficient, for the different tests. The significance level 

was set at p = 0.05 for all analyses. 

Results 

All subjects (excluding two from cold pressor test, one from isometric handgrip, and post-

handgrip muscle ischemia) managed to maintain masticatory muscles relaxed both during 
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baseline intervals and stress tests so that no relevant sign of electromyography activation was 

detected. For the different tests, the time course of the response of NIRS and systemic 

variables is presented, along with the comparison of average effects in temporal and masseter 

muscles. 

i. Cold pressor test 

Cold pressor test evoked a self-reported pain score of 7.1 ± 1.8. The hemodynamic 

response is reported by the average curves of Fig. 1A and the distribution of effects for 

the different variables is presented in Fig. 1B. The test significantly increased arterial 

blood pressure (from 77.5 ± 14.1 to 91.1 ± 18.2 mmHg, p < 0.05) while producing a 

non-significant change in heart rate (from 69.3 ± 10.6 to 71.2 ± 12.0 bpm), cardiac 

output (from 7.2 ± 1.2 to 7.6 ± 1.8 dL/min) and TOI (temporal muscle: from 72.3 ± 5.0 

to 72.0 ± 5.2 %; masseter muscle: from 73.9 ± 6.2 to 73.7 ± 6.8 %). The observed TOI 

changes in the two muscles were moderately correlated (r = 0.42). 

Finally, we investigated whether the observed vascular reaction (ΔTOI) was correlated 

to the magnitude of the pressor response (ΔABP): r = 0.01 for temporalis and r = 0.43 

for masseter muscle. 

 

Figure 1. Response to cold pressor test (CPT). Average response curves (A) and distribution 

of effects (B) for different variables, as described by mean (×), median (red line), interquartile 

range (blue box), minimum (lower whisker), and maximum (upper whisker) values 

respectively. The black bar at the bottom indicates the duration of CPT. *) p < 0.05; n = 14. 

ii. Mental arithmetic test 

The average response to the mental arithmetic test (Fig. 2A and B) also exhibited a 

significant increase in arterial blood pressure (from 77.9 ± 11.0 to 91.7 ± 11.4 mmHg, p 

< 0.05), with significant changes also in heart rate (from 70.0 ± 10.1 to 77.0 ± 12.2 

bpm, p < 0.05) and cardiac output (from 7.0 ± 1.1 to 7.4 ± 1.2, p < 0.05). 
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Tissue oxygenation and blood volume exhibited a significant increase in both temporal 

(TOI: from 71.3 ± 6.9 to 74.8 ± 7.0 %; ΔTHI 0.04 ± 0.06 %, p < 0.05) and masseter 

(TOI: from 72.8 ± 6.1 to 77.0 ± 4.9 %; ΔTHI: 0.06 ± 0.08, p < 0.05) muscles. The 

observed TOI changes in the two muscles exhibited strong correlation (r = 0.70) but 

poor correlation with ABP changes (r < 0.23). 

 

Figure 2. Response to mental arithmetic test (MAT). Average response curves (A) and 

distribution of effects (B) for different variables. Notations as in Fig. 1. The black bar at the 

bottom indicates the duration of MAT. *) p < 0.05; n = 16. 

iii. Apnea 

The response to apnea is reported by the average curves of Fig. 3A and the distribution 

of effects for the different variables is presented in Fig. 3B. The test significantly 

increased arterial blood pressure (from 81.7 ± 13.2 to 91.1 ± 14.7 mmHg, p < 0.05) 

while producing a non-significant effect in heart rate (from 72.4 ± 9.7 to 70.1 ± 12.3 

bpm), cardiac output (from 7.14 ± 0.7 to 7.10 ± 0.8 dL/min) and NIRS variables 

(temporal muscle TOI: from 72.1 ± 7.0 to 71.7 ± 6.4 %; masseter muscle TOI: from 

73.5 ± 5.8 to 73.4 ± 5.6 %). The observed TOI changes in the two muscles exhibited 

strong correlation (r = 0.70) and a moderate negative correlation with ΔABP: r = -0.48 

for temporalis and r = -0.34 for masseter muscle. 
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Figure 3. Response to apnea. Average response curves (A) and distribution of effects (B) for 

different variables. Notations as in Fig. 1. The black bar at the bottom indicates the duration 

of apnea. *) p < 0.05; n = 16. 

iv. Isometric handgrip and post-handgrip muscle ischemia 

The response to isometric handgrip and post-handgrip muscle ischemia is presented by 

the average curves in Fig. 4A and the distribution of effects in Fig. 4B and C for the 

different variables. 

Isometric handgrip provoked a significant increase in arterial blood pressure (from 79.8 

± 18.0 to 96.4 ± 21.8 mmHg, p < 0.05), heart rate (from 72.1 ± 11.1 to 86.1 ± 11.5 bpm, 

p < 0.05) and cardiac output (from 7.2 ± 0.9 to 8.1 ± 1.6, p < 0.05). 

Tissue oxygenation increased in both temporal (from 70.5 ± 6.2 to 73.7 ± 6.9 %, p < 

0.05) and masseter (from 72.5 ± 6.1 to 76.0 ± 5.6 %, p < 0.05) muscles, while THI 

increased only in masseter muscle (ΔTHI: 0.06 ± 0.05 %, p < 0.05). The observed TOI 

changes in the two muscles exhibited strong correlation (r = 0.78), and poor correlation 

with ΔABP (r < 0.25). 

 

Compared to resting levels (before isometric handgrip), post-handgrip muscle ischemia 

exhibited a significant increase in arterial blood pressure (from 79.8 ± 18.0 to 86.1 ± 

22.4 mmHg, p < 0.05) while producing non-significant effects in heart rate (from 72.1 ± 

11.1 to 71.0 ± 13.0 bpm) and cardiac output (from 7.2 ± 0.9 to 7.3 ± 1.3). 

Also, near-infrared spectroscopy variables did not exhibit significant changes in 

temporal (TOI: from 70.5 ± 6.2 to 70.1 ± 8.0 %) and masseter (TOI: from 72.5 ± 6.1 to 

74.0 ± 6.8 %) muscles. The observed TOI changes in the two muscles exhibited 

moderate correlation (r = 0.60), and strong negative correlation with ΔABP (r < -0.7). 

Maximum pain score during post-handgrip muscle ischemia was: 6.6 ± 1.8. 
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Figure 4. Response to isometric handgrip (IHG) and post-handgrip muscle ischemia 

(PHGMI). Average response curves (A), distribution of effects of IHG (B), and PHGMI (C) 

for the different variables. Notations as in Fig. 1. The black and gray bars at the bottom 

indicate the duration of IHG and PHGMI, respectively. *) p < 0.05; n = 15. 

Discussion 

The results described hemodynamic responses of temporalis and masseter muscles to 

different stressors, which effectively increased sympathetic activity, as indicated by the 

significant increase in arterial blood pressure in some cases accompanied by an increase in 

heart rate and cardiac output. In particular, tissue oxygenation significantly increased in both 

muscles during mental arithmetic test and isometric handgrip, accompanied by increased or 

unchanged blood volume which indicates increased muscle perfusion during these tests 

[18,21,22]. No significant changes were instead observed during cold pressor test, apnea, and 

post-handgrip muscle ischemia. However, none of the tested conditions provided evidence of 
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sympathetic-induced vasoconstriction. Both temporalis and masseter muscles consistently 

exhibited similar response patterns in all tested conditions. 

It is well known that sympathetic activation may result in skin vasodilation in the facial 

area [23]. A number of NIRS studies also reported dilatory responses (increased oxygenation) 

in the masseter muscle in response to certain stress stimuli, e.g., cold pressor test [17], and 

mental calculation [24], although classical methodologies did not discriminate skin from 

muscle contribution [25]. This can be achieved by techniques such as spatially-resolved 

spectroscopy which effectively excludes contribution from the skin [26] and recently allowed 

us to prove that several types of stress result in specific dilatation of the masseter muscle, in 

contrast to limb muscles where marked vasoconstriction may take place [18,27]. 

The present results confirm this pattern. We are not emphasizing the dilatory responses 

observed during mental arithmetic test and isometric handgrip, as these are known to take 

place in limb muscles as well [18,28,29]. Unexpectedly, the significant TOI increase in 

response to cold pressor test and post-handgrip muscle ischemia previously observed for the 

masseter muscle [18] was no longer observed in the present study. While the absence of 

response to cold pressor test could be partly attributed to the milder stimulus intensity, in 

terms of water temperature (10 instead of 8 °C) and duration (1 instead of 2 min), the 

response to post-handgrip muscle ischemia has no apparent explanation except that the 

subject position was sitting instead of supine. Incidentally, both active and passive dilatory 

responses have found to be attenuated above as compared to below heart level [30–32]. It is 

possible that the unfavorable hydrostatic gradient affecting the head region or the increased 

sympathetic tone have attenuated the hyperemic response in the sitting position, compared to 

the supine. In fact, in human skeletal muscles, competing vascular actions are exerted by the 

dilatory action of circulating adrenaline and the constrictory action of the neurally released 

noradrenaline [33,34]. In this respect, it is interesting to observe that a poor positive 

correlation was observed between ΔTOI and ΔABP in mental arithmetic test and isometric 

handgrip; while a strong negative correlation resulted in post-handgrip muscle ischemia. This 

observation fits with the concept of prevailing adrenaline secretion during mental arithmetic 

test and isometric handgrip [18,35,36] and prevailing noradrenaline constriction in post-

handgrip muscle ischemia: the correlation is poor in the first case; whereby arterial blood 

pressure is largely mediated by the increase in cardiac output (significantly increased in these 

tests). On the contrary during post-handgrip muscle ischemia, ΔABP is mainly mediated by 

the increased vasoconstriction, being cardiac output unchanged or even decreased [18]. On 

this basis, it is plausible to speculate that the baroreflex-mediated increase in sympathetic 

vasconstrictory tone, associated with the sitting position, has shifted the balance and 

attenuated the stress-related dilatory responses, compared to the supine position. Dedicated 

studies re-testing the responses to the same stressor in the same subjects in the two body 

postures may be designed to test this hypothesis. 

Previous validation of NIRS measurement in the temporalis muscle evidenced that the 

placement of the NIRS probe could be critical in some subjects, probably due to the fact that 

the temporalis muscle becomes too thin and superficial under the hair-free area of the temple, 

in which case spatially-resolved spectroscopy measurements would not adequately sample 
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the muscle tissue, thus resulting in possible underestimation of the hemodynamic response. 

We cannot exclude that this could have happened also in the present study. In fact, we 

observed in a few subjects that changes in tissue oxygenation were considerably weaker than 

changes in oxygenated and deoxygenated hemoglobin. 

Although simultaneous monitoring of a limb muscle was not performed in this study, a 

relevant outcome is that temporalis and masseter muscle exhibit consistently similar 

responses to the variety of employed stressors. In fact, this observation supports the 

hypothesis put forward in our previous study that muscle blood flow is differentially 

controlled in limb and head muscles. Previous studies investigating differences in blood flow 

control of lower and upper limb muscles evidenced stronger sympathetic constrictor effects in 

lower limbs [28,37], we speculate that the constrictory sympathetic action is modulated 

according to the hydrostatic gradients of the body with erect posture, i.e., the constrictory 

action is stronger where hydrostatic load and blood pressure are higher. Whether this effect is 

mediated by differences in sympathetic neural drive and/or differences in the density and 

distribution of adrenergic receptors subtypes remains to be investigated. 

Therefore, head muscles appear to be similarly controlled by the autonomic nervous 

system under exposure to different types of stress and generally protected from stress-induced 

hypoperfusion. From a finalistic point of view, this could be meant to favor activity of jaw 

muscles, being frequently involved in aggressive/defensive behavior in different animal 

species. Protection from hypoperfusion may also be beneficial against the development of 

temporomandibular joint dysfunction [38–40]. It should however be noted that these 

considerations are based on average responses and that clear vasoconstrictive responses were 

occasionally observed in some subject, possibly depending on a different balance between 

beta- and alpha-adrenergic vascular control. Whether the susceptibility to temporomandibular 

joint disorders (such as myofascial orofacial pain and temporal headache) development 

depends on the individual hemodynamic responsiveness to stress needs to be ascertained. 
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DISCUSSION 

In the present thesis several investigations were carried out for the assessment of 

vascular reactivity to detect the peculiar characteristics and differences among 

individual organs and subject groups. Particularly, I focused on the cerebral and 

muscular control of blood flow in healthy humans.  Here, the results are summarized 

and discussed separately for the two main topics. 

A. Cerebrovascular Reactivity in Hypnotizable vs. Non-

Hypnotizable Subjects 

First time, hypnotizability-related differences in the mechanisms controlling cerebral 

blood flow, cerebrovascular reactivity, and conductance during chemical (partial pressure of 

end-tidal carbon dioxide), mechanical (arterial blood pressure), cognitive and sensory 

stimulations were revealed in med-low and med-high hypnotizable healthy subjects 

[88,90,91]. 

The results showed that hypnotizability affected the correlations among the changes 

occurring during hyperventilation, rebreathing, mental computation, and trail making 

tasks with respect to basal conditions (Δ) in partial pressure of end -tidal carbon 

dioxide and arterial blood pressure with middle cerebral artery flow velocity  [88]. 

During hyperventilation, med-lows exhibited a significant correlation between changes 

in middle cerebral artery flow velocity and changes in partial pressure of end-tidal 

carbon dioxide. While med-highs showed a significant correlation between changes in 

arterial blood pressure and changes in middle cerebral artery flow velocity [88]. The 

decrease in middle cerebral artery flow velocity observed during hyperventilation, 

despite scarce changes in arterial blood pressure, could be sustained by more 

sensitivity of their vessel muscle cells to blood pressure. The effect of nitric oxide on 
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precapillary sphincters and pericytes [115] may have contributed to the observed 

changes in middle cerebral artery flow velocity.  These observations suggested that 

more frequent increases in systemic blood pressure are likely to occur in highs than in 

lows owing to their greater emotional intensity, empathy [106,116], and interoceptive 

sensitivity [117]. In addition, changes in synaptic glutamate due to tasks could induce 

increases in astrocyte calcium-mediated dilatory action independently from systemic 

blood pressure [118]. Since highs respond to cognitive tasks with larger glutamatergic 

cortical activity [86], they might be more prone than lows to undergo astrocyte -

dependent nitric oxide release in everyday life.  

During rebreathing, the lack of significant correlation between changes in middle 

cerebral artery flow velocity and changes in partial pressure of end-tidal carbon 

dioxide occurring in both groups may be due to the ceiling effect of carbon dioxide  

[88]. 

Moreover, cerebrovascular reactivity and conductance were also assessed and showed 

a significant correlation with changes in middle cerebral artery flow velocity only in 

med-lows during both hyperventilation and rebreathing.  The findings support the view 

that hypnotizability is associated with the physiological correlates influencing 

everyday life independently from suggestions and induction of the hypnotic state  

[83,119]. 

Both mental computation and trail making tasks were differentially processed by med -

lows and med-highs. Only med-highs exhibited evidence of functional hyperemia 

(increase in tissue oxygenation index, possibly accompanied by an increase in blood 

volume) and seem more responsive than med-lows to specific cognitive demands [90]. 

Again, this could be due to larger synaptic glutamate release, which increases th e 
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astrocytes’ calcium-mediated dilatory actions through the large release of nitric oxide 

[120,121]. 

During visual stimulation, blood flow velocity in the posterior cerebral artery increases 

in med-highs and med-lows, but these findings do not reveal hypnotizability-related 

differences between med-lows’ and med-highs’ stimulation-related hyperemia [91]. 

The low metabolic cost of tasks in highs was hypothesized owing to their mode of 

information processing which consists of poor local modulation of the 

electroencephalographic activity [108]. Moreover, the neurovascular coupling during 

cognitive tasks differs between med-lows and med-highs [90]. The unexpected absence 

of difference during visual stimulation can be related to the characteristics of the 

stimulus, although the low effect size of the comparisons between groups may have 

prevented the detection of significant hypnotizability-related differences [91]. 

To conclude, the above investigations help to understand the control of cerebral 

circulation in healthy subjects with different hypnotizability scores.  

B. Vascular Reactivity to Stress in Masticatory and Limb Muscles 

For the first time, to our knowledge, the study focused on the differential control of 

blood flow in the head and limb muscles during stress. We hypothesized that  

autonomic vascular control could be differentiated to these body areas, also depending 

on the type of stress [78]. The results evidenced that: 1) all tests (cold-pressor, mental 

arithmetic, isometric handgrip, and post-handgrip muscle ischemia) effectively 

activated the sympathetic nervous system as revealed by significant increases in 

arterial blood pressure and/or heart rate, except apnea; 2) the masseter muscle tissue 

oxygenation index increased in all tests (although, non-significantly in apnea); 3) the 

biceps muscle tissue oxygenation index exhibited both increases (in isometric 
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handgrip) and marked decrease (in cold pressor test and post -handgrip muscle 

ischemia) depending on the stressor; and 5) tissue hemoglobin index changes were 

always concordant with tissue oxygenation index’s, although generally less significant  

[78]. These observations support the hypothesis that sympathetic outflow to skeletal 

muscles of the head and limbs is differentially controlled in a stressor -dependent way 

[78]. 

After this publication, I was interested to extend the previous research using near-

infrared spectroscopy on another head muscle i.e., temporalis. There was no specific 

methodology to study the temporalis muscle hemodynamics without the possible 

interference of cerebral hemodynamics. Therefore, the use of near-infrared 

spectroscopy for hemodynamic monitoring of the temporalis muscle was tested during 

isometric muscle contractions (teeth clenching) and hyperventilation. Different levels 

of muscle contraction produced a marked and progressive decrease in tissue 

oxygenation (decrease in tissue oxygenation index and oxygenated hemoglobin and 

increase in deoxygenated hemoglobin) and blood volume ( tissue hemoglobin index) in 

a force-level dependent way. In addition, near-infrared spectroscopy variables were 

not affected by hyperventilation, which is known to provoke marked vasoconstriction 

and a decrease in oxygenation of cerebral tissue. Conversely, near-infrared 

spectroscopy monitoring from the forehead correctly detected a consistent tissue 

oxygenation index decrease during hyperventilation and no changes during teeth 

clenching. These results demonstrate that near-infrared spectroscopy monitoring can 

be used to reliably detect hemodynamic changes in the temporalis muscle, with no 

interference from changes in cerebral blood flow [122]. 

After demonstrating the reliability of near-infrared spectroscopy monitoring of the 

temporalis muscle, I could test the hemodynamic stress response in this muscle in 

Page 99 of 255 



 

order to verify whether the pattern of response observed in the masseter muscle was 

shared by other head muscles. Therefore, the last study investigated the hemodynamic 

changes associated with the masseter and temporalis muscles during different stress 

conditions. The stressors (cold pressor, mental arithmetic, apnea, isometric handgrip , 

and post-handgrip muscle ischemia) effectively increased sympathetic activity, as indicated 

by the significant increase in arterial blood pressure. Moreover, temporal and masseter muscles 

exhibited a similar pattern of response in terms of near-infrared spectroscopy parameters (i.e., 

tissue oxygenation and hemoglobin indices), with no statistically significant differences. In 

particular, both muscles exhibited generally dilatory responses or the absence of 

vasoconstriction in all tested conditions, as indicated by increased tissue oxygenation and blood 

volume. Though, this present study is not aimed to unveil the physiological underlying 

mechanisms. The results on the masseter muscle are compatible with the ones previously 

reported [78] except for weaker effects during the cold pressor test, possibly due to warmer 

water (10 °C as compared to 8 °C). The results confirm the absence of vasoconstriction in both 

muscles, suggesting that this pattern of response is likely a unique characteristic of head 

muscles. It is worth mentioning that the absence of vasoconstriction is now observed in the 

erect position, while in the previous study, subjects were supine [78]. 

To conclude, the above investigations evidence a relevant difference in the neural 

control of muscle blood flow between head and limb muscles which adds to other 

known specificities of head muscle and may help to better understand the role of the 

sympathetic nervous system in the pathophysiology of stress -related musculoskeletal 

disorders. 

C. Additional Research  

In addition to the above-discussed work, I contributed to Papers VII to XIV which are briefly 

summarized here. The research reported in Paper VII is related to the neural control of muscle 
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and was motivated by the fact that exercise augments hypoxia-induced ventilatory response in 

an exercise intensity-dependent manner [123]. A mutual influence of hypoxia-induced 

peripheral chemoreflex activation and exercise-induced muscle metaboreflex activation might 

mediate the augmentation phenomenon [124]. However, the nature of the integration of these 

reflexes remains unclear because some studies did not calculate the summed effect of reflex 

activation. These reflexes coactivation during isocapnic static handgrip exercise 

appeared to elicit a hyperadditive effect with regard to ventilation and an additive 

effect with regard to breathing-related sensations and emotions. These findings reveal 

the nature of the integration between two neural mechanisms that operate during small -

muscle static exercise performed under hypoxia [125]. 

The research reported in Paper VIII is related to cerebral circulation and was motivated by the 

fact that impaired outflow of blood through the internal jugular veins can contribute to several 

neurodegenerative and neuroinflammatory disorders [126]. Currently, it is suspected that these 

neurological pathologies are associated with abnormal functioning of the astroglial-mediated 

interstitial fluid bulk flow (the so-called glymphatic system) [127]. The activation of the 

glymphatic system primarily depends on a temporary decrease of the cortical blood flow 

followed by a wave of inflow of the cerebrospinal fluid from the spinal canal to the cranial 

cavity [128]. Based on the results of flow simulations, Simka et al. suggested that strictures 

located at the level of the jugular foramen are probably more clinically relevant than 

pathological jugular valves [129]. Therefore, this in silico study is the continuation of previous 

work to understand the influence of stenoses located at the beginning of the internal jugular vein 

on the flow through this vein and the functioning of the jugular valve located downstream [130]. 

Simultaneously, I have the curiosity to contribute to the area of pharmaceutical sciences, 

particularly, analytical method development and validation, which involves the process of 

creating and testing new analytical techniques to accurately quantify active pharmaceutical 
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ingredients and drug products. Therefore, in accordance with Food and Drug Administration, 

and International Council for Harmonization guidelines [131–133], Papers IX to XII are 

oriented to develop and validate novel eco-friendly analytical separation methods based on 

capillary electrophoresis and high-performance liquid chromatography for simultaneous 

quantification of hypocholesterolemic (ezetimibe and simvastatin) [134], antihypertensive 

(hydrochlorothiazide and metoprolol tartrate), and antipsychotic (aripiprazole and risperidone) 

[135] drugs in pharmaceutical combined tablet dosage form. Further, Papers XIII and XIV are 

oriented to analyze the chemical constituents from plants (Brachyotum naudinii Triana and 

Polypodium leucotomos) [136] based on the above-mentioned analytical separation 

techniques.  
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PERSPECTIVE AND CONCLUDING REMARKS 

Relative to healthy controls, previous investigations pointed out that vascular 

reactivity declines with age and evidenced possible implications in the 

pathophysiology of vascular diseases such as hypertension and diabetes. Therefore, it 

is a valuable tool for assessing vascular health and a promising biomarker of 

hemodynamic impairment. Appropriate clinical vascular reactivity tests may facilitate 

early disease detection and thus contribute to the prevention and reduction of the 

associated risks. In addition, future research could target methodological consensus 

recommendations to facilitate more reliable and harmonized vascular reactivity 

measurement for use in clinical research and trials of new therapies.  

The present doctoral thesis added new insights into the control of cerebral and 

muscular blood flow using two noninvasive hemodynamic imaging techniques 

(transcranial Doppler ultrasound and near-infrared spectroscopy) in healthy humans.  

These hemodynamic techniques proved effective to detect significant group 

differences. New techniques such as functional near-infrared spectroscopy, functional 

ultrasound, and functional magnetic resonance imaging may provide further insights, 

particularly for the investigation of cerebral hemodynamics due to increasing time and 

spatial resolution. Hopefully, the research reported in this thesis will serve to promote 

basic and clinical investigations on brain and muscle hemodynamics in physiolo gical 

and pathological conditions.  
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Abstract

Exercise augments the hypoxia-induced ventilatory response in an exercise intensity-

dependent manner. A mutual influence of hypoxia-induced peripheral chemoreflex

activation and exercise-induced muscle metaboreflex activation might mediate the

augmentation phenomenon. However, the nature of these reflexes’ integration (i.e.,

hyperadditive, additive or hypoadditive) remains unclear, and the coactivation effect

on breathing-related sensations and emotions has not been explored. Accordingly,

we investigated the effect of peripheral chemoreflex and muscle metaboreflex

coactivation on ventilatory variables and breathing-related sensations and emotions

during exercise. Fourteen healthy adults performed 2-min isocapnic static handgrip,

first with the non-dominant hand and immediately after with the dominant hand.

During the dominant hand exercise, we (a) did not manipulate either reflex (control);

(b) activated the peripheral chemoreflex by hypoxia; (c) activated the muscle

metaboreflex in the non-dominant arm by post-exercise circulatory occlusion (PECO);

or (d) coactivated both reflexes by simultaneous hypoxia and PECO use. Ventilation

response to coactivation of reflexes (mean ± SD, 13 ± 6 l/min) was greater than

the sum of responses to separated activations of reflexes (mean ± SD, 8 ± 8 l/min,

P = 0.005). Breathing-related sensory and emotional responses were similar between

coactivation of reflexes and the sum of separate activations of reflexes. Thus, the peri-

pheral chemoreflex and muscle metaboreflex integration during exercise appeared to

be hyperadditive with regard to ventilation and additive with regard to breathing-

related sensations and emotions in healthy adults.
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1 INTRODUCTION

Exercise augments hypoxia-induced ventilatory response in an

exercise intensity-dependent manner (Weil et al., 1972). A mutual

influence of hypoxia-induced peripheral chemoreflex activation and

exercise-induced muscle metaboreflex activation might mediate the

augmentation phenomenon (Fregosi & Seals, 1993). However, the

nature of the integration of these reflexes remains unclear because

some studies did not calculate the summed effect of reflexes activation

(Gujic et al., 2007; Houssiere et al., 2005). Additionally, when it was

calculated, coactivation and summed effects paradoxically produced

similar ventilatory responses (Edgell & Stickland, 2014), representing

an additive integration that supports no interaction between the

reflexes (Wilson & Teppema, 2016). Twomethodological aspects might

have blunted the coactivation ventilatory response in a previous study

(Edgell & Stickland, 2014), likely explaining the lack of interaction

between the reflexes. First, the muscle metaboreflex was activated

via post-exercise circulatory occlusion (PECO) without contralateral

limb exercise (Lam et al., 2019). Second, end-tidal carbon dioxide

partial pressure (end-tidal PCO2
) was ∼7 mmHg lower during hypoxic

PECO than during normoxic PECO (Alghaith et al., 2019). Moreover,

the coactivation effect on breathing-related sensations and emotions

remains unexplored. Accordingly, we sought to test the hypothesis

that peripheral chemoreflex and muscle metaboreflex coactivation

during isocapnic exercise show hyperadditive integration, that is,

they provoke greater ventilatory and breathing-related sensation and

emotional responses when activated together than the sum of effects

yielded by each reflex activation separately.

2 METHODS

2.1 Ethical approval

All individuals signed a written informed consent before participating

in the study. The study was conducted following the latest version

of the Declaration of Helsinki, approved by the Ethics Committee

of the Federal University of São Paulo (process: 1051/2017), and

registered in the publicly available Plataforma Brasil database (CAEE:

74619517.5.0000.5505; National Council of Health, Ministry of

Health, Brazil).

2.2 Participants

Seven men (age: 24.4 ± 3.6 years, body mass: 69.4 ± 8.8 kg, height:

1.72 ± 0.08 m) and seven women (age: 23.4 ± 3.15 years, body

mass: 61.4 ± 9.5 kg, height: 1.66 ± 0.06 m) participated in the study.

Nobody had previous exposure to acute or chronic hypoxia. Eligibility

criteria were: age between 18 and 35 years, non-smoker, body mass

index<30 kg/m2, no diagnosis of chronic diseases, and being sedentary

(i.e., not engaged in regular physical activities) or engaged in regular

physical activities at most three times a week.

New Findings

∙ What is the central question of this study?

What is the effect of peripheral chemoreflex and

muscle metaboreflex integration on ventilation

regulation, and what is the effect of integration on

breathing-related sensations and emotions?

∙ What is themain finding and its importance?

Peripheral chemoreflex and muscle metaboreflex

coactivation during isocapnic static handgrip

exercise appeared to elicit a hyperadditive effect

with regard to ventilation and an additive effect

with regard to breathing-related sensations and

emotions. These findings reveal the nature of

the integration between two neural mechanisms

that operate during small-muscle static exercise

performed under hypoxia.

2.3 Experimental protocol

A first visit was used to familiarize the participants with the

experimental procedures. Then, on two additional visits, we conducted

experiments. The experimental visits occurred at the same period of

the day, for a given participant, with an interval of at least 2 days and

at most 7 days. Participants were instructed not to practice intense

physical exercise for 48 h, not to ingest caffeine and alcohol for 24 h,

and to ingest a light meal 2 h before the experiments. We sought

to assess women during the beginning of the menstrual cycle, when

oestrogen and progesterone levels are supposedly low, to increase the

homogeneity of hormonal profiles. Ultimately, we managed to assess

all women up to 8 days after the onset of menstruation.

2.4 Experimental procedures

Theparticipantswere placed in the supine position on a large stretcher.

The experiment had three 2-min consecutive phases (Figure 1):

(a) baseline resting, (b) static handgrip exercise with the non-dominant

hand, and (c) static handgrip exercise with the dominant hand. The

experiment was repeated four times, varying the procedures during

the dominant hand exercise. In this experimental phase, we (a) did

not manipulate both reflexes (control); (b) activated the peripheral

chemoreflex by hypoxia; (c) activated the muscle metaboreflex in

the non-dominant arm by PECO; or (d) coactivated both reflexes

by simultaneous hypoxia and PECO use. Two experiments were

conducted per day, in random order, with at least a 30 min inter-

val between them. Participants were blinded to the concentration of

O2 in the inspired air. Normoxia and hypoxia consisted of inhaling

gas mixtures containing 21% O2 with 90% N2 and 10% O2 with 90%
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DEOLIVEIRA ET AL. 3

F IGURE 1 Experimental protocol. Participants performed 2-min
static handgrip under isocapnia, firstly with the non-dominant hand
and immediately after with the dominant hand. During the dominant
hand exercise, we (a) did not manipulate both reflexes (control); (b)
activated the peripheral chemoreflex by hypoxia; (c) activated the
muscle metaboreflex in the non-dominant arm by post-exercise
circulatory occlusion (PECO); or (d) coactivated both reflexes by
simultaneous hypoxia and PECO use. D, dominant; ND, non-dominant.

N2, respectively. Isocapnia wasmaintained throughout all experiments

using a partial rebreathing set-up (Silva et al., 2018).

The target handgrip load definition took into account a physio-

logical criterion rather than a fixed percentage of maximal voluntary

contraction because interindividual differences in physiological

responses (Lee et al., 2021) and exercise tolerance (Hunter et al., 2009)

can occur for a fixed percentage level. The target load was identified

for each hand in the familiarization visit. The load had to provoke

a progressive increase in perceived effort, attaining a perceived

effort between 5 and 8 a.u. on a 0–10 Borg scale at the end of 2

min of exercise. This range of perceived effort is compatible with an

exercise intensity enough to provoke accumulation of intramuscular

metabolites without being so hard to accomplish (Lopes et al., 2022;

West et al., 1995), in an attempt to avoid apnoeas and breathing

pattern irregularities. Surface electromyogram (EMG) was later used

to verify the presence of exercise-induced metabolic stress, as the

skeletal muscle’s electrical activity increases during fatiguing static

contractions (West et al., 1995). Muscle contraction metabolites were

arrested by manually inflating a cuff placed on the non-dominant arm

to 220mmHg before the end of the non-dominant hand exercise.

2.5 Physiological measurements

An oro-nasal silicon mask was tightly adjusted to the participants’

faces. Airflow, O2 partial pressure (PO2
) and CO2 partial pressure

(PCO2
) were measured breath-by-breath (Quark CPET, Cosmed, Italy)

by a bidirectional turbine, a paramagnetic sensor and a non-dispersive

infrared sensor, respectively. Then, pulmonary ventilation, breathing

frequency, tidal volume, and end-tidal PO2
and PCO2

were calculated.

Pulse oxygen saturation was measured by an oximetry sensor placed

on a toe of the right foot (Nonin Medical, Plymouth, MN, USA).

The measured values were time-adjusted, considering a delay of

60 s between the monitoring in the foot and the oxyhaemoglobin

desaturation in the central circulation during hypoxia exposure

(Hamber et al., 1999). The electrical activity of the forearm flexor

muscles was measured by two AgCl circular electrodes (MP43,

MedPex, Republic ofKorea) placedon the anteromedial surfaceof each

forearm. A reference electrode was placed in the malleolus region of

the right ankle. The raw EMG signal was sampled at 1 kHz, with a

notch filter at 60 Hz (Dual Bioamp, ADInstruments, Bella Vista, NSW,

Australia). The EMG signal was digitally filtered to a frequency band-

width of 10−500 Hz (LabChart 3, ADInstruments). The root mean

square (RMS) was calculated using 1-s EMG data surrounding the

peak force during a maximal voluntary contraction and 20-s windows

during the static handgrip exercise (LabChart 5, ADInstruments). Then,

static handgrip exercise RMS data were converted into percentage

values considering the maximal voluntary contraction RMS as 100%

(West et al., 1995). Handgrip force was measured by a digital

dynamometer (Grip Force Transducer, ADInstruments). The force

tracing was projected on the ceiling, providing visual feedback to the

participants.

2.6 Sensory and emotional measurements

Once at baseline and every minute during exercise, one of the

researchers asked the following questions: ‘how intense is your

sensation of breathing overall?’ (Lewthwaite & Jensen, 2021) and ‘how

intense is your effort to perform the handgrip exercise?’ (Lopes et al.,

2022). The first question sought to assess the general intensity of

breathing sensation unidimensionally, considering that the awareness

of breathing intensity starts earlier and is more intense than other

qualitative descriptors during exercise in healthy adults (Lewthwaite &

Jensen, 2021). The second question assessed the perceived effort to

squeeze the hand dynamometer (Lopes et al., 2022). The participants

had to verbally answer these two questions considering Borg’s 0–10

scale, whichwas placed in their eyesight. During the exercise, we asked

just twoquestions soasnot todistract theparticipant inperforming the

handgrip task and tominimize the influence of speaking on ventilation.

After each experiment, the participants sat on a chair to answer the
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4 DEOLIVEIRA ET AL.

Multidimensional Dyspnoea Profile (MDP) translated into Portuguese

(Belo et al., 2019), considering their sensations and emotions at the end

of the dominant hand exercise (i.e., focus period).

2.7 Analysis of reflexes integration

Ventilatory data corresponding to the baseline period and the last 20 s

of the first and second minutes of the non-dominant and dominant

handgrip exercises were averaged. The last 20-s ventilatory and

subjective data of the dominant handgrip exercise during hypoxia,

PECO and hypoxia combined with PECO were subtracted from the

corresponding control data to calculate the effect of each experimental

manipulation. According to a previous proposition (Wilson & Teppema,

2016), a coactivation effect greater than the sum of effects yielded

by each reflex activation separately was considered a hyperadditive

integration. Similar coactivation and summed effects denoted an

additive integration. A coactivation effect smaller than the summed

effect was considered an hypoadditive integration.

2.8 Statistical analyses

Data were analysed by either one-way or two-way repeated-measures

analysis of variance (RM ANOVA), followed by the Tukey HSD post

hoc test, if needed. All analyses were done in the software Statistica

(version 12, StatSoft, Tulsa, OK, USA). Results are reported as the

mean and standard deviation. Statistical significance was interpreted

as P< 0.05 in two-tailed analyses.

3 RESULTS

The participants performed the handgrip exercise at 32 ± 6% of the

maximal voluntary contraction force with the non-dominant hand

and 32 ± 5% with the dominant hand. The forearm muscles’ EMG

and perceived effort increased during the non-dominant (EMG: 1st

min: 35 ± 13 vs. 2nd min: 41% ± 14%, P = 0.001; effort: 1st min:

2.96 ± 1.0 vs. 2nd min: 5.36 ± 1.2 a.u., P < 0.001) and the dominant

(EMG: 1st min: 34 ± 9 vs. 2nd min: 41% ± 8%, P = 0.001; effort:

1st min: 3.97 ± 1.0 vs. 2nd min: 6.24 ± 1.3 a.u., P = 0.001) handgrip

exercise without differences among experiments (EMG: P = 0.140;

effort: P= 0.187).

As expected, oxygen saturation and end-tidal PO2
were lower in

the hypoxia combined with PECO and in isolated hypoxia compared

to the control during the dominant handgrip exercise (Figure 2a–c). In

the first minute of the dominant handgrip exercise, end-tidal PCO2
was

lower in the hypoxia combined with PECO and in the isolated PECO

experiments than in the control experiment. In the second minute of

the dominant handgrip exercise, end-tidal PCO2
was similar among all

experiments.

(a)

(b)

(c)

F IGURE 2 Time-adjusted oxyhaemoglobin saturation (a),
end-tidal PO2

(b), and end-tidal PCO2
(c) at rest, 1st and 2ndmin of

non-dominant hand exercise (minutes 1 and 2 on the abscissa), and 1st
and 2ndmin of dominant hand exercise (minutes 3 and 4 on the
abscissa). Data presented as themean and standard deviation (n= 14
for all variables) and analysed by two-way repeated-measures analysis
of variance (RMANOVA), followed by the Tukey post hoc test. (a)
P< 0.05 hypoxia and PECO versus control; (b) P< 0.05 hypoxia versus
control; (c) P< 0.05 PECO versus control. D, dominant; ND,
non-dominant; PECO, post-exercise circulatory occlusion.
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DEOLIVEIRA ET AL. 5

(a) (e)

(f)

(g)

(h)

(b)

(c)

(d)

F IGURE 3 On the left, ventilation (a), tidal
volume (b), breathing frequency (c), and breathing
intensity (d) absolute values at rest, 1st and 2nd
min of non-dominant hand exercise (minutes 1 and
2 in the abscissa axis), and 1st and 2ndmin of
dominant hand exercise (minutes 3 and 4 in the
abscissa axis). On the right, ventilation (e), tidal
volume (f), breathing frequency (g), and breathing
intensity (h) change versus control. Data presented
as themean and standard deviation (n= 14 for all
variables) and analysed via two-way (a–d) or
one-way (e–h) repeatedmeasures analysis of
variance (RMANOVA), followed by the Tukey post
hoc test. (a) P< 0.05 hypoxia and PECO versus
control; (b) P< 0.05 hypoxia versus control; (c)
P< 0.05 PECO versus control. D, dominant; ND,
non-dominant; PECO, post-exercise circulatory
occlusion.
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During the dominant hand exercise, ventilation was higher in

hypoxia combined with PECO and isolated hypoxia versus control

(Figure 3a). In the first minute of this exercise, tidal volume was

higher in hypoxia combined with PECO than in control (Figure 3b).

Then, in the second minute, tidal volume was higher in hypoxia

combined with PECO and in isolated hypoxia compared to control

(Figure 3b). Breathing frequency was similar among experiments

during the dominant hand exercise (Figure 3c). Breathing intensity was

greater in hypoxia combinedwith PECOand in isolated hypoxia than in

control in the secondminute of the dominant hand exercise (Figure 3d).

Ventilation change was greater in hypoxia combined with PECO

than in isolated hypoxia, isolated PECO and hypoxia plus PECO (i.e.,

hyperadditive integration; Figure 3e). Tidal volume change in hypo-

xia combined with PECO was greater than in isolated PECO, but

similar to the changes in isolated hypoxia and hypoxia plus PECO

(i.e., additive integration; Figure 3f). Breathing frequency changes

were similar among experiments (i.e., additive integration; Figure 3g).

Breathing intensity change was greater in hypoxia combined with

PECO than in isolated hypoxia and in isolated PECO, but similar to

the breathing intensity change in hypoxia plus PECO (i.e., additive

integration; Figure 3h).

The intensity of respiratory muscle effort sensation was greater

in hypoxia combined with PECO than in control (Table 1). The

intensity of other breathing-related sensations was similar among

conditions. Hypoxia combined with PECO and hypoxia plus PECO

changes were similar for all sensations obtained with the MDP (i.e.,

additive integration). The intensity of dyspnoea was greater in hypo-

xia combinedwithPECOthan in control.Hypoxia combinedwithPECO

and hypoxia plus PECO changes were similar for all emotions obtained

with theMDP (i.e., additive integration).

4 DISCUSSION

The main result of the present study is that hypoxic air inhalation

combinedwithmetabolite arrest via PECOduring exercise potentiated

the ventilatory response versus isolated hypoxia and PECO exposure.

As forearm EMG and perceived handgrip effort were similar between

hypoxia and control during the dominant hand exercise, hypoxia

likely increased ventilation via peripheral chemoreceptor activation

(mainly the carotid chemoreceptors) rather than changing contra-

cting muscle oxygenation and metabolism (Fregosi & Seals, 1993;

Katayama et al., 2010). Furthermore, as both forearm EMG and

perceived handgrip effort increased during exercise, exercise likely

produced some metabolic stress resulting in metabolically sensitive

muscle afferent activation during PECO (Bendahan et al., 1996; West

et al., 1995). Therefore, themost likely explanation for the potentiated

ventilatory response is an interaction between peripheral chemo-

receptor andmuscle metaboreceptor inputs.

Interestingly, PECO per se did not change ventilatory, sensory and

emotional endpoints versus control. Perhaps, the dissimilar effect of

PECO during normoxia and hypoxia is related to the amount of muscle

metaboreceptors’ afferent inputs. According to the study design, we

limited the exercise intensity to avoid breathing irregularities and

apnoeas. Then, perhaps, the level of afferent inputs from muscle

metaboreceptors was not enough to augment ventilatory, sensory

and emotional responses in PECO versus the control condition. This

hypothesis is supported by the data reported in the study that

advanced the PECO use on one limb while the other is exercising

(Lam et al., 2019), because exercise intensity influenced the ventilation

response.

The hyperadditive interaction is coherent with evidence that

exercise augments hypoxia-induced ventilatory responses in an

exercise intensity-dependent manner (Weil et al., 1972). Moreover,

it supports the hypothesis that the integration of the reflexes had

been underestimated before (Edgell & Stickland, 2014), likely due

to the use of PECO at rest (Lam et al., 2019) and the lack of CO2

control (Alghaith et al., 2019). Our group previously reported that

combined hypoxia-induced peripheral chemoreflex activation and

passive limb-induced muscle mechanoreflex activation elicited a

hyperadditive ventilatory response (Silva et al., 2018). Likewise,

another group reported hypoxia-induced peripheral chemoreflex

activation and overall exercise-induced muscle afferent activation

elicited a hyperadditive ventilatory response (Wan et al., 2020).

Therefore, present and past findings collectively support that both the

mechanoreflex and the metaboreflex can potentiate the peripheral

chemoreflex-induced ventilatory response. The potentiation can be

mediated within the central nervous system (Davies & Lahiri, 1973)

or at the peripheral chemoreceptors (O’Regan, 1981), requiring

further investigation. The lack of hyperadditive responses concerning

breathing-related sensations and emotions was unexpected and

deserves investigation during whole-body dynamic exercise, which

presumably has a greater effect on these endpoints than small muscle

static exercise (Lewthwaite & Jensen, 2021).

5 CONCLUSIONS

The peripheral chemoreflex and muscle metaboreflex integration

appeared to be hyperadditive with regard to ventilation and additive

with regard to breathing-related sensations and emotions during

isocapnic small-muscle-mass static exercise.
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Abstract: The clinical relevance of nozzle-like strictures in upper parts of the internal jugular veins
remains unclear. This study was aimed at understanding flow disturbances caused by such stenoses.
Computational fluid dynamics software, COMSOL Multiphysics, was used. Two-dimensional
computational domain involved stenosis at the beginning of modeled veins, and a flexible valve
downstream. The material of the venous valve was considered to be hyperelastic. In the vein models
with symmetric 2-leaflets valve without upstream stenosis or with minor 30% stenosis, the flow
was undisturbed. In the case of major 60% and 75% upstream stenosis, centerline velocity was
positioned asymmetrically, and areas of reverse flow and flow separation developed. In the 2-leaflet
models with major stenosis, vortices evoking flow asymmetry were present for the entire course
of the model, while the valve leaflets were distorted by asymmetric flow. Our computational fluid
dynamics modeling suggests that an impaired outflow from the brain through the internal jugular
veins is likely to be primarily caused by pathological strictures in their upper parts. In addition, the
jugular valve pathology can be exacerbated by strictures located in the upper segments of these veins.

Keywords: computational fluid dynamics; flow separation; internal jugular vein; numerical modeling;
fluid–structure interaction

1. Introduction

The internal jugular vein (IJV) is a paired blood vessel which constitutes the primary
outflow route of blood from the brain. A number of studies suggested that impaired outflow
through these veins can contribute to several neurodegenerative and neuroinflammatory
disorders, like multiple sclerosis, Parkinson’s disease, lateral amyotrophic sclerosis, and
Ménière disease [1–5]. The IJV begins intracranially, leaves the cranial cavity through the
jugular foramen (opening in the temporal bone), and continues downward through the
neck to join the brachiocephalic vein located in the upper chest (Figure 1). Normally, there
are no strictures of IJV at the level of the jugular foramen. Still, some individuals present
with stenosis of IJV in this area, usually caused by abnormal bony processes [6–8]. The
clinical relevance of these stenoses remains unclear. Previous research on flow disturbances
in IJV mostly focused on the jugular valve, which is the valve situated at the caudal end of
IJV, just above its connection with the brachiocephalic vein [9–12].

It is worth highlighting the potential clinical relevance of our in silico study. As
mentioned earlier, abnormal outflow through IJVs can be found in many patients with neu-
rodegenerative and neuroinflammatory disorders. Currently, it is suspected that these neu-
rological pathologies are associated with abnormal functioning of the astroglial-mediated
interstitial fluid bulk flow, the so-called glymphatic system [13]. The activation of the
glymphatic system primarily depends on a temporary decrease of the cortical blood flow,
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followed by a wave of inflow of the cerebrospinal fluid from the spinal canal to the cra-
nial cavity [14]. Considering the Kellie–Monroe doctrine, proper interplay between the
arterial and cerebrospinal flow requires an undisturbed venous outflow from the cranial
cavity, and indeed an anomalous flow of the cerebrospinal fluid, as well as an imbalance
between cerebral arterial and venous flow, has been demonstrated in multiple sclerosis
patients [15–17]. About ten years ago, it was hoped that venous angioplasty for abnormal
IJVs would be a much-awaited treatment for multiple sclerosis. However, a majority of
randomized clinical trials on endovascular treatment for chronic cerebrospinal venous
insufficiency in these patients did not reveal the clinical efficacy of endovascular proce-
dures [18–23]. However, these treatments focused on the pathological jugular valves and
primarily comprised balloon angioplasty and/or stenting for such aberrant valves. These
approaches were not necessarily correct. Indeed, an expanded analysis of results of the
BRAVE DREAMS (BRAin VEnous DRainage Exploited Against Multiple Sclerosis) trial
revealed that only a subgroup of multiple sclerosis patients benefited from endovascular
angioplasty at the level of jugular valve; it comprised patients presenting with horizontal
endoluminal defects of the IJV and segmental stenosis with short endoluminal lesions of
this vein [24].
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Figure 1. The internal jugular vein with stricture in its upper part (red arrow), blue arrow points to
the location of the jugular valve.

In our previous paper [25], based on the results of flow simulations, we suggested that
strictures located at the level of the jugular foramen are probably more clinically relevant
than the pathological jugular valves. These computer simulations suggested that strictures
in the upper part of IJV are probably more clinically relevant. Importantly, there are some
clinical reports on such entrapment of IJV by bony abnormalities in the upper part of
this vein. It has also been demonstrated that correction of these strictures can decrease
neurological symptoms [26–28].

This in silico study is the continuation of that research [25] and was aimed at under-
standing the influence of stenoses located at the beginning of IJV on the flow through this
vein and the functioning of the jugular valve located downstream.

2. Materials and Methods

For the purpose of this study computational fluid dynamics (CFD) software, the COM-
SOL Multiphysics, version 5.1 (COMSOL Inc., Burlington, MA, USA), was used. For numer-
ical simulation of the real-time blood flow in normal and abnormal IJVs, two-dimensional
(2D) models of IJVs were built. The 2D computational domain, which was 200 mm long (L)
and 15 mm wide (D) [29], involved stenosis at its beginning and a hyperelastic venous
valve downstream (Figure 2). Figure 2A particularly shows the nomenclature of IJV 2D
model, where the input and output of IJV are represented by 1 and 2, whereas the flexible
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venous valve leaflets are denoted by 3 and 4. The fluid domain is represented by 5, whereas
the walls of IJV are considered as a no-slip boundary shown by 6. A proximal stenosis (d1)
and gap between valve leaflets (d2) are shown in Figure 2B. The geometry is discretized
into free triangular components by considering all quality measures, which include optimal
skewness, orthogonality, and aspect ratio (Figure 2C).
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Figure 2. The scheme of the 2-dimensional model of the internal jugular vein and symmetrical
2-leaflets hyperelastic valve downstream; flow is from left to the right; this idealized model resembles
real internal jugular vein with tandem stenosis from Figure 1. (A) without stenosis; (B) with 60%
rigid stenosis at the beginning of this blood vessel (d1) and flexible valve (d2) downstream; and
(C) free-triangular mesh with boundary layer.

The grid independency study was conducted for the maximum velocity in the domain
at t = 3 s. The study was conducted in a stepwise fashion, starting with a coarser mesh
and then reducing the mesh element size until the maximum velocity of the blood in IJV
became constant. Figure 3 shows the mesh independence study graph in which the mesh
domain was optimized for 15,832 triangular elements.
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This model had a symmetric 2-leaflets valve. Models resembling veins with strictures
in their upstream segments had a rapid contraction, which narrowed the lumen by 30%,
60%, or 75%. In total, four different 2D models of IJV were constructed: (A) vein without
upstream stenosis; (B) vein with 30% upstream stenosis; (C) vein with 60% upstream
stenosis; and (D) vein with 75% upstream stenosis (Figure 4).

Dirichlet boundary conditions (by specifying the values that a solution will take
along the boundary of the domain like u = Uinlet and poutlet = 0 Pa) were applied at
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the inlet and outlet boundaries of the modeled blood vessels. The whole domain was
discretized into a further two subdomains, blood (Domain 1) and venous valve (Domain 2).
The turbulent flow modeling was coupled with solid mechanics module using the fluid–
structure interaction approach, as the Reynold number (Re) exceeds 2000 in all cases, where
the constitutive relation for blood shear stress to shear strain was considered Newtonian.
The nomenclature is described in Table 1.
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Figure 4. Models of the internal jugular vein and symmetric 2-leaflets valve with velocity profiles at
t = 0.25 s: (A) without upstream stenosis; (B) with 30% upstream stenosis; (C) with 60% upstream
stenosis; and (D) with 75% upstream stenosis.

Table 1. Nomenclature.

Quantity (Symbol) Unit Quantity (Symbol) Unit

Density of blood (ρ) kg m−3 Partial derivative (∂) –
Time (t) s Fluid velocity (u) m s−1

Fluid pressure (p) Pa Turbulent intensity (I) –
Dynamic viscosity (µ) Pa s External forces (F) N
Turbulent kinetic energy (k) J Turbulent viscosity (µT) kg2 s m−3

Specific dissipation rate (ω) J kg−1 s−1 Mean rotation-rate tensor (Ωij) –
Mean strain-rate tensor (Sij) – Venous valve density (ρs) kg m−3

Displacement vector (ud) m Deformation gradient (F) –
Stress tensor (S, σ) N m−2 Volume force (FV) N m−3

Elastic volume ratio (Jel) – Identity tensor (I) –
External stress tensor (Sext) N m−2 Strain energy density (Ws) J
Lamé’s second parameter (µ) MPa Lamé’s first parameter (λ) MPa
Modulus of elasticity (E) MPa Poisson’s ratio (ν) –

The Reynolds Average Navier Stokes (RANS) k-ω numerical method was used to
simulate the mean flow characteristics, as shown in Equations (1)–(4).

ρ

[
∂u
∂t

+ (u·∇)u
]
= ∇·

(
−pI + K : µ

[
∇u + (∇u)T

])
+ F (1)

ρ∇·u = 0 (2)

ρ

[
∂k
∂t

+ (u·∇)k
]
= ∇·[(µ + µTσ∗)∇k] + Pk − ρβ∗0ωk (3)

ρ

[
∂ω

∂t
+ (u·∇)ω

]
= ∇·[(µ + µTσ)∇ω] + α

ω

k
Pk − ρβ0ω2 (4)
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where,
K = (µ + µT)

[
∇u + (∇u)T

]
; µT = ρ k

ω

Pk = µT

[
∇u :

(
∇u + (∇u)T

)
− 2

3 (∇·u)
2
]
− 2

3 ρk∇·u
α = 13

25 ; β = β0 fβ; β∗ = β∗0 fβ; σ = σ∗ = 1
2

β0 = 13
125 ; fβ = 1+70χω

1+80χω
; χω =

∣∣∣∣ΩijΩjkSki

(β∗0ω)
3

∣∣∣∣
β∗0 = 9

10 ; fβ =

 1 χk ≤ 0
1+680χ2

k
1+400χ2

k
χk > 0

χk =
1

ω3 (∇k·∇ω)

Ωij =
1
2

(
∂ui
∂xj
− ∂uj

∂xi

)
; Sij =

1
2

(
∂ui
∂xj

+
∂uj
∂xi

)
The incompressible flow without considering inertial terms (Stokes flow) was modeled.

The material of the venous valve (Domain 2) was considered to be hyperelastic (a material
whose constitutive model of stress–strain relationship derives from a strain energy density
function rather than Hooke’s law). The neo-Hookean was used with compressible material
features, and the mathematical model is given below in Equations (5) and (6).

ρs
∂2ud
∂t2 = ∇(FS)T + FV (5)

σ = J−1 FSFT (6)

where,
F = I +∇ud; S = Sext +

(
∂Ws
∂ε

)
Ws =

1
2

µ(I1 − 3)− µ ln(Jel) +
1
2

λ[ln(Jel)]
2; ε =

1
2

(
FTF− I

)
J = det(F); µ = E

2(1+ν)
; λ = E·ν

(1+ν)(1−2ν)

Lamé’s parameters for hyperelastic are µ = 1.0 MPa and λ = 1.5 MPa, considering
modulus of elasticity E = 2.6 MPa and Poisson’s ratio ν = 0.3 [30], whereas the properties
of the fluid were set as follows: the density of fluid 1055 kg m−3 (density of blood at
37 ◦C [31,32]) and the dynamic viscosity of fluid 2.78 × 10−3 Pa·s (viscosity of blood at
37 ◦C). The flow velocity was 16 ± 4 cm/s, which is a typical IJV velocity in humans in the
supine body position [33]. The density of the valve leaflets was set at 1200 kg m−3 [34]. To
simulate fluctuations of flow velocity in the modeled vein in a living subject resulting from
the pulsation of the adjacent carotid artery and respiratory movements, the sine function of
velocity at the inlet (Boundary 1) of the model was applied (Figure 2A). This sine function
plotted the period of fluid velocity against time, as shown in Equation (7). The initial
velocity of the fluid was 12 cm/s, which increased up to 16 cm/s (mean velocity) at t = 1.5 s
and finally reached 20 cm/s (maximum velocity of blood) at t = 3 s, whereas it dropped
back to 12 cm/s at t = 6 s.

Uinlet =

[
8 sin

(
t
6

π

)
+ 12

]
cm/s (7)

The static pressure boundary condition was used at the outlet (Boundary 2) of the mod-
eled blood vessel as shown in Figure 2A, and the pressure value was set at p = 0 Pa. For the
venous valve, both ends were fixed at the external wall of the model using Usolid = 0 cm/s
condition, while the rest of the valve was allowed to move freely within the fluid regime.
All simulations were continued until 6 s and the graphical representations of the flow were
analyzed. All the computations were executed in the Intel-INSPIRON (Intel, Santa Clara,
CF, USA) equipped with the Intel-R Core-TM i7-11 Gen processor and the Intel-R Iris-XR
Plus graphic card, and it took around 11 h of computational time for one case.
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3. Results

In the model of vein without upstream stenosis and a symmetric 2-leaflets valve,
the flow was undisturbed (Figures 4A, 5A and 6A). Valve leaflets opened and closed
symmetrically due to the vortices developing downstream of the valve [35]. A similar
flow pattern was seen in the model with minor 30% stenosis and a normal 2-leaflets valve.
In this model, there were vortices located downstream of the stenosis, but they did not
significantly disturb the outflow, and neither did these vortices influence the functioning of
valve leaflets (Figures 4B, 5B and 6B).

In the case of more severe upstream stenosis, with 60% and 75% narrowing of the
lumen, by contrast to the above-discussed models in which the centerline velocity was
positioned centrally, here the centerline velocity was positioned asymmetrically and the
areas of reverse flow and flow separation developed (Figures 4C,D, 5C,D and 6C,D).

Importantly, in the models with significant upstream stenoses, vortices making the
flow highly asymmetric were present at the entire course of the models, and not only just
downstream of the stenosis, as in the model without significant upstream narrowing. These
asymmetric flow pattern resulted in asymmetric bending of elastic valve leaflets (Figure 7).
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We also studied the relationship between the maximum velocities observed in the
models of blood vessel depending on the degree of upstream stenosis. Graphical rep-
resentation of the results is shown in Figure 8. The humps in flow velocity curve were
observed at the stenosis and venous valve position as shown in this figure. The blood
velocity increased significantly at stenosis for 60% and 75% cases, while there was only a
minor increase of the velocity in the model with 30% stenosis. Interestingly, in two models
with major stenosis (60% and 75%), velocity decreased just behind the stricture, which was
not seen in the model with 30% stenosis. This phenomenon was probably related to flow
separation in the cases with the major upstream stenoses.
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4. Discussion

This study confirmed the results of our previous study [25], which was based on a
different computational fluid mechanics (CFM) package. Similar to the findings of this
research, we demonstrated that stenosis located at the beginning of the internal jugular
vein can significantly affect the blood flow pattern. However, the most important finding is
the phenomenon of valve leaflets distortion by asymmetric vortices evoked by nozzle-like
strictures located upstream. To the best of our knowledge, this is the first in silico study
on the investigation of the functioning of the jugular veins in the settings of IJV abnormal
morphology. This was not possible to demonstrate on a previous CFM software, since
the Flowsquare+ that was used in this study does not provide a possibility of building
flexible structures.

These findings highlight the possible pathogenesis of abnormal jugular valves. Atyp-
ical structured jugular valves can be found in some healthy individuals, but these are
primarily present in patients suffering from neuroinflammatory and neurodegenerative
diseases [36–38]. Although some clinicians claimed a causative role for such aberrant
jugular valves in neurological disorders, such an association has not been unequivocally
proved [39]. The current consensus is that a majority of abnormal jugular valves repre-
sent congenital pathology, the so-called truncular malformations [40,41]. Still, research on
such valves in multiple sclerosis patients suggested that their abnormality worsens with
time [39]. Until now, the mechanism of such a progression has remained unclear. Our
numerical simulation of blood flow in the IJV that exhibits significant stenosis in its upper
segment offers a possible explanation: asymmetric vortices arising in the upper part of this
vein, which are evoked by stenosis at the level of the jugular foramen (e.g., caused by an
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elongated transverse process of the first vertebra), distort leaflets of the jugular valve. The
pathological flow pattern around such distorted leaflets can theoretically alter the leaflets’
physiology, leading to even more abnormal geometry. Indeed, jugular valves histopatholog-
ical studies in multiple sclerosis patients revealed their abnormal ultrastructure, including
defective endothelium and an inverted ratio between type I and type III collagen [42,43].

Our current work suggests that from a physical point of view there is an interplay
between pathologies of IJV localized in the upper and lower part. To achieve a satisfactory
clinical outcome in the patients, both types of lesions should be properly diagnosed and
addressed. For example, stenosis at the beginning of the IJV would require resection
of abnormal bony structures, while pathological jugular valves would require venous
angioplasty. This can explain the low clinical efficacy of angioplasty procedures for the
treatment of multiple sclerosis [23]. Of course, our findings should be confirmed by more
precise investigations, including studies on real patients. Still, our report can provide a
useful framework for future clinical surveys.

We acknowledge that there are limitations to our study. The findings of this research,
albeit inspiring, should be ascertained using 3D CFD software. We utilized 2D models of
the COMSOL Multiphysics software and considered the cylindrical plane to visualize the
velocity profile in the modeled blood vessel. It should be mentioned that 2D simulations
are widely used in the engineering sciences and are regarded to be within an order of
magnitude of accuracy, as long as the problem is well-defined in the software and care is
taken with regards to appropriate meshing and boundary conditions [44,45]. Still, there are
known limitations of such a 2D approach. One of the solutions to this problem is the use of
2D-axisymmetric geometry, which limits these shortcomings, while very large computing
resources and computing time, as in the case of 3D modeling, are not required [46,47]. This
method should probably be used in future studies on the flow in the models of the IJV.

Additionally, morphology-based IJV models instead of simplified models would
provide more detailed insight into the altered blood flow phenomena. Potentially, other
properties of the IJV and surrounding tissues could contribute to abnormal outflow through
this blood vessel. Besides, we studied one IJV blood flow, although in the living subjects
blood flows out from the brain through two IJVs, as well as through the vertebral venous
plexuses located on both sides of the spinal column. More precise and adequate modeling
should consider these alternative outflow routes. It should be emphasized that a steady
state was not achieved in our simulations due to the required computational expense.
However, the computational results at 6 s provide a unique insight into the flow effects
of strictures in the IJV. Finally, it should be mentioned that in this study the fluid was
considered Newtonian. Blood is a non-Newtonian fluid. Since blood is shear-thinning
fluid, slowing down its flow is associated with a higher flow resistance than that of a
Newtonian fluid.

5. Conclusions

We demonstrated that our working hypothesis is credible and that impaired outflow
from the brain through the internal jugular vein is likely to be primarily caused by patho-
logical strictures in the upper part of these veins. In addition, jugular valve pathology
can be exacerbated by flow disturbances evoked by strictures in the upper segments of
these veins.
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Abstract
A fast and sustainable environment-friendly micellar electrokinetic chromatography coupled with a diode array detector 
was investigated and validated in accordance with ICH requirements for the simultaneous quantification of ezetimibe and 
simvastatin in a tablet binary mixture formulation. Drugs’ separation from their internal standard and degradation products 
was achieved using the optimized electrophoretic conditions: 50 µm i.d. × 30 cm fused-silica capillary, background electrolyte 
composed of 20 mmol  L−1 sodium tetraborate buffer solution (pH 9, adjusted with o-phosphoric acid), 30 mmol  L−1 sodium 
dodecyl sulfate, 12% acetonitrile; with detection at 238 nm and voltage of + 30 kV. Drugs were separated in less than 6 min. 
The method was linear with determination coefficients 0.9956 and 0.9920 for ezetimibe and simvastatin, respectively; and 
precise (intra-day 1.05% and 0.38%; inter-day 1.20% and 0.69%) for ezetimibe and simvastatin, respectively. Accuracy was 
tested through recovery and mean values (101.0 ± 0.77% for ezetimibe and 100.4 ± 0.35% for simvastatin) were obtained. 
The proposed method is the first that determined ezetimibe and simvastatin in presence of their degradation products. This 
method can be successfully used in quality control laboratories as an alternative to HPLC technique for the simultaneous 
quantification of ezetimibe and simvastatin in their combined drug products and could also be used as a stability-indicating 
method. The proposed method greenness profile was confirmed using Green Analytical Procedure Index and Analytical 
GREEnness tools with a final score of 11 and 0.81, respectively.

Keywords Hypercholesterolemia · Micellar electrokinetic chromatography · Ezetimibe · Simvastatin · Binary mixture 
formulation · Greenness evaluation

Introduction

Cardiovascular disease appears to be the principal cause of 
death in the world involving hypercholesterolemia as a major 
risk factor [1]. It should be preferred to prescribe effica-
cious doses of statins to minimize low-density lipoprotein 

as per international treatment guidelines on cardiovascular 
disease prevention [2]. Contrarily, 2nd or 3rd lipid-lowering 
drugs, i.e., fibrates, bile acid sequestrants, and ezetimibe are 
preferred over statin monotherapy for the management of 
high cardiovascular risk patients with hypercholesterolemia 
[3]. Since 2004, Food and Drug Administration approved 
ezetimibe/simvastatin combined tablet dosage form with 
ezetimibe fixed dose (10 mg) and simvastatin variable dose 
(10/20/40 mg) for both primary and secondary forms of 
hypercholesterolemia therapeutic management [4]. Last 
decade, the combination therapy of these drugs has been 
prescribed to maintain low-density lipoprotein in patients 
resistant to statin monotherapy or statin dose related side 
effects that showed successful clinical outcome [5].

Chemically, ezetimibe (Fig.  1A) named as (3R,4S)-
1-(4-f luorophenyl)-3-[(3R)-3-(4-f luorophenyl)-3-
hydroxypropyl)]-4-(4-hydroxyphenyl)azetidin-2-one [6] 
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which inhibits cholesterol absorption and decreases exces-
sive accumulation in blood vessels [7]. This distinct mecha-
nism of action results in a synergistic cholesterol lowering 
effect when used together with statins that inhibits choles-
terol synthesis in the liver [5].

Simvastatin (Fig.  1B) named as [(1S,3R,7S,8S,8aR)-
8-[2-[(2R ,4R ) -4-hydroxy-6-oxooxan-2-yl]ethyl]-
3,7-dimethyl-1,2,3,7,8,8a-hexahydronaphthalen-1-yl] 
2,2-dimethylbutanoate [6] which inhibits 3-hydroxy-
3-methylglutaryl-coenzyme A reductase for the treatment 
of hyperlipidemia.

The literature review reveals that ezetimibe and simv-
astatin were officially listed in the USP [6]. Furthermore, 
several analytical approaches have been recommended for 
the simultaneous determination of both drugs in combined 
pharmaceutical formulations and/or biological fluids by 
TLC [8], HPLC [8–12], UPLC [13], UPLC–MS/MS [14], 
UPLC–Q–TRAP/MS [1], LC–MS [15], LC–ESI–MS/MS 
[16], and HPLC–MS/MS [17]. Some of these methods 
require extensive instrumentation and time-consuming sam-
ple pretreatment methodologies, hence not ideal for routine 
use. The literature also reveals that the pharmaceutical drugs 
under investigation were simultaneously analyzed by UV 
spectrophotometric [18, 19] and capillary electrophoretic 
[20] methods.

The capillary electrophoresis is rapidly gaining impor-
tance as an alternative green analytical separation technique 
and used in several pharmaceutical and biopharmaceutical 
analysis [21]. It has various advantages over conventional 
chromatographic methods such as short analysis time, low 
reagent consumption, without organic solvents, small sam-
ple volume, long-lasting capillary columns, high separation 

efficiency (millions of theoretical plates), and faster sample 
development [22], consequently diminishing the impact on 
environment [23].

At the present, only one capillary electrophoresis 
method has been described for simultaneous determina-
tion of ezetimibe and simvastatin in tablets, and the ana-
lytes were determined in a long time, i.e., approximately 
10 min [20], this might be due to longer capillary column. 
Therefore, in this work, we proposed a validated micellar 
electrokinetic chromatography method, mode of capillary 
electrophoresis, for the simple and fast simultaneous deter-
mination of ezetimibe and simvastatin in binary mixtures 
under optimized analytical conditions. Moreover, the sta-
bility-indicating potential of the proposed method was first 
time investigated under stress degradation conditions (ther-
mal, oxidative, photolytic, alkaline and acidic hydrolysis) 
for both ezetimibe and simvastatin, while highlighting the 
use of green background electrolyte. The proposed method 
greenness was also determined by using Green Analytical 
Procedure Index and Analytical GREEnness approaches.

Materials and Methods

Chemicals, Reagents and Samples

The active pharmaceutical ingredients ezetimibe and sim-
vastatin with purities of 100.0% and 99.8%, respectively, 
were donated by Merck Sharp & Dohme (Sao Paulo, Bra-
zil), internal standard losartan potassium was obtained from 
Sigma-Aldrich (Sao Paulo, Brazil), and  Vytorin® (Merck 
Sharp & Dohme, Sao Paulo, Brazil) tablet (ezetimibe 10 mg 

Fig. 1  Chemical structure of 
ezetimibe A, simvastatin B, and 
spectra overlap C 
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and simvastatin 20 mg) were procured from community 
pharmacy. Analytical grade methanol, hydrogen peroxide, 
hydrochloric acid, acetonitrile was brought from Merck 
(Sao Paulo, Brazil); while o-phosphoric acid, sodium dode-
cyl sulfate, sodium tetraborate-10-hydrate, dibasic sodium 
phosphate, and sodium hydroxide were procured from 
Sigma-Aldrich (Sao Paulo, Brazil). Deionized water was 
obtained from Milli-Q® (Millipore Corp., Bedford, MA, 
USA) ultrapure purification system.

Instrument

P/ACE™ MDQ (Beckman Coulter, Inc., Fullerton, CA, 
USA) capillary electrophoresis system equipped with 
diode array detector and 32  Karat™ software (ver. 8.0) was 
employed for data acquisition.

Condition of Electrophoretic Separation

50 µm internal diameter × 42 cm total (30 cm effective) 
length uncoated fused-silica capillary (Polymicro Tech-
nologies, Phoenix, AZ, USA) was used by adjusting tem-
perature (30 °C) and voltage (+ 30 kV) with detection at 
238 nm to perform the electrophoretic separation. The sam-
ples were injected by applying pressure of 0.3 psi for 3 s (1 
psi = 6894.76 Pa) at cathodic side.

Background Electrolyte Preparation

Aqueous stock solutions (100 mmol  L−1) of sodium tetrab-
orate buffer (pH 9, adjusted with o-phosphoric acid) and 
sodium dodecyl sulfate were separately prepared. The pH 
was measured using  Gehaka® Mettler Toledo pH meter 
(Sao Paulo, Brazil). The optimized background electro-
lyte (30 mmol  L−1 sodium dodecyl sulfate, 20 mmol  L−1 
sodium tetraborate buffer solution pH 9 and 12% acetoni-
trile) was prepared by transferring sodium tetraborate (5 mL) 
and sodium dodecyl sulfate (7.5 mL) stock solutions into 
a 25 mL volumetric flask, deionized water (8 mL), pH 9 
adjusted with o-phosphoric acid solution, then acetonitrile 
(3 mL) was added, and deionized water was used to com-
plete the volume. This mixture was sonicated for 10 min 
and filtered through a 0.45 µm polyvinylidene fluoride filter 
before injected on the capillary electrophoresis instrument.

Capillary Conditioning

Before using, new capillary was conditioned with NaOH 
1 mol  L−1 for 30 min, followed by deionized water for 
20 min and finally with background electrolyte for 30 min. 
At the beginning of each working day, the capillary was 
rinsed with NaOH 1 mol  L−1 for 15 min, deionized water 
for 10 min and then 20 min with background electrolyte. 

Between runs, the capillary was washed with NaOH 1 mol 
 L−1 (1 min) and with the running buffer (1.5 min) to ensure 
reproducibility of the assay. Finally, at the end of the day, 
the capillary was flushed with NaOH 1 mol  L−1 for 10 min 
and water for 10 min.

Preparation of Stock Standard and Text‑Mixture 
Solutions

Internal standard, ezetimibe and simvastatin stock stand-
ard solutions (1000 μg  mL−1) were separately prepared in 
diluent methanol–water (25:75, v/v) by weighing 10 mg of 
each one into three 10 mL amber volumetric flasks. The 
solutions were sonicated for 3 min to aid dissolution then 
filtered through 0.45 µm polyvinylidene fluoride filters and 
finally stored at 4 °C. The solutions were found stable for 
up to 15 days.

For the test-mixture, aliquots from each stock standard 
solution were transferred into a 2 mL amber volumetric 
flask and diluted to volume with diluent. The final con-
centrations were 100 μg  mL−1 for ezetimibe and internal 
standard, while 200 μg  mL−1 for simvastatin. The test-
mixture was sonicated for 3 min, filtered in a 0.45 µm 
polyvinylidene fluoride filter and injected on the capillary 
electrophoresis instrument.

Pharmaceutical and Placebo Stock and Working 
Preparation

Twenty tablets of  Vitoryn® containing 10/20  mg of 
ezetimibe/simvastatin were weighed and finely pow-
dered. An amount of powder corresponding to 10 mg of 
ezetimibe and 20 mg of simvastatin was transferred into 
10 mL amber volumetric flask and added 5 mL of metha-
nol, the mixture was sonicated for 15 min to aid dissolution 
with occasional shaking, and diluted to volume with the 
same solvent. The solution was filtered through a 0.45 µm 
polyvinylidene fluoride filter. The obtained concentration 
was 1000 µg  mL−1 for ezetimibe and 2000 µg  mL−1 for 
simvastatin.

Placebo matrix was prepared according to the follow-
ing formula: microcrystalline cellulose (46.8%), lactose 
monohydrate (45%), magnesium stearate (2%), propyl gal-
late (0.1%), citric acid (1%), sodium croscarmellose (3%), 
hydroxypropyl methylcellulose (2%) and butylhydroxyani-
sole (0.1%).

An aliquot of 200 µL from sample stock solution was 
volumetrically transferred into a 2 mL amber volumetric 
flask, and 200 µL of internal standard stock solution was 
added and the volume was completed with diluent to pre-
pare the working sample solution. The final concentrations 
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were 100 μg  mL−1 for ezetimibe and internal standard, while 
200 μg  mL−1 for simvastatin. The solution was filtered in a 
0.45 µm polyvinylidene fluoride filter before being injected.

Method Validation

System Suitability

The system suitability test was carried out to ensure the sys-
tem resolution and reproducibility. The test was performed 
by injecting six replicates of working mix standard solutions 
of simvastatin (200 μg  mL−1), ezetimibe and internal stand-
ard (100 μg  mL−1). The assessed parameters were theoretical 
plates (N), peak area, migration time, resolution (Rs) and 
tailing factor.

Specificity/Selectivity

The specificity of proposed method for the determination 
of ezetimibe and simvastatin was assessed by injecting the 
 Vitoryn® sample, placebo, standard solutions and diluent 
into the capillary electrophoresis system.

Selectivity and forced degradation stability indicating 
studies for ezetimibe and simvastatin were applied under 
hydrolytic (alkaline and acidic), photolytic, thermolytic 
and oxidative stress conditions according to ICH Q1A(R2) 
requirements [24]. Ezetimibe and simvastatin standards 
solutions,  Vitoryn® sample solution and placebo were sub-
mitted for each forced degradation condition.

The peak purity for both drugs in the obtained electro-
pherograms was evaluated with diode array detector. The 
interference from tablet excipients was performed by sub-
jecting the placebo to the same stress conditions as  Vitoryn® 
samples.

Alkaline and Acidic Hydrolysis

The concentration of 1  mg   mL−1 for ezetimibe and 
2 mg  mL−1 for simvastatin of  Vitoryn® sample was car-
ried out for alkaline (0.1 N NaOH) and acidic (0.1 N HCl) 
hydrolysis. The solutions were placed at room temperature 
and under light protection for 7 days.

Thereafter, 200 μL of each solution was transferred volu-
metrically to 2 mL amber volumetric flask, internal standard 
stock solution (200 µL) and diluent (1.6 mL) were added, 
obtaining final concentrations of 100 μg  mL−1 of ezetimibe 
and internal standard, while 200 μg  mL−1 of simvastatin. 
The solutions were sonicated for 5 min then, filtered in a 
0.45 µm polyvinylidene fluoride filter before being used. The 
same procedure was made with placebo tablets.

Thermal and Photolytic Degradation

500 mg of powder from  Vitoryn® sample was transferred 
separately to two Petri plates, one of these was placed in a 
hot oven at 60 °C (thermal degradation) and the other one, 
was exposed to direct sunlight (photolytic degradation). 
After 7 days, an appropriate amount of each powder equiv-
alent to 10 mg of ezetimibe and 20 mg of simvastatin was 
transferred into two 10 mL amber volumetric flasks. The 
contents were diluted with 5 mL of methanol and sonicated 
for 15 min. The volume was completed with the same dilu-
ent. The mixtures were submitted at the same condition as in 
section alkaline and acidic hydrolysis (second paragraph).

Oxidative Degradation

Appropriate amount of  Vitoryn® sample powder equivalent 
to 10 mg of ezetimibe and 20 mg of simvastatin were trans-
ferred into a 10 mL amber volumetric flask. The content was 
diluted with 5 mL of methanol, and 2.5 mL of 3% hydrogen 
peroxide. The mixture was sonicated for 15 min and submit-
ted at the same condition as in section alkaline and acidic 
hydrolysis (second paragraph).

Linearity and Range

Linearity was verified by preparing five concentrations by 
diluting adequate amounts of internal standard, ezetimibe, 
and simvastatin stock standard solutions in diluent. The con-
centration ranges from 80 to 120 μg  mL−1 for ezetimibe, 160 
to 240 μg  mL−1 for simvastatin, and fixed concentration of 
internal standard (100 μg  mL−1) were obtained. Three ana-
lytical curves for ezetimibe and simvastatin were constructed 
by plotting the peak area ratio (ezetimibe or simvastatin peak 
area/internal standard peak area) against ezetimibe or sim-
vastatin concentrations, respectively. Electropherograms 
were recorded for the solutions injected in triplicate. The 
method of least squares regression and analysis of variance 
were used to determine method linearity (p = 0.05). The data 
homoscedasticity and linearity were analyzed through an F 
test.

Detection and Quantification Limits

The limit of detection and quantification for ezetimibe and 
simvastatin were measured using the following equations 
according to ICH guidelines:

(1)Limit of detection = 3.3 (� ∕ �),

(2)Limit of quantification = 10 (� ∕ �),
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where σ is the standard deviation of the intercept of the mean 
of three analytical curves, determined by a linear regression 
model and α is the slope of the corresponding analytical 
curve [25].

Accuracy

Accuracy was determined in terms of percent recovery. 
Placebo matrix was spiked with ezetimibe and simvasta-
tin standard solutions at three different concentration levels 
80, 100 and 120 μg  mL−1 for ezetimibe and 160, 200 and 
240 μg  mL−1 for simvastatin, equivalent to 80, 100 and 120% 
of the analytical concentrations, respectively. Each determi-
nation was performed in triplicate to obtain the mean and 
relative standard deviation percentage.

Precision

Method precision was evaluated by repeatability (intra-day) 
and intermediate (inter-day) analysis. Six determinations 
from sample solution, on the same day by a single analyst, 
were performed to study the repeatability. Intermediate 
precision was evaluated in the same way as repeatability 
but by different analyst in a different day. Sample  Vytorin® 
(ezetimibe 10 mg and simvastatin 20 mg) solution with 
constant concentration of internal standard (100 μg  mL−1) 
were used. The results were expressed in terms of relative 
standard deviation percentage for ezetimibe and simvastatin 
content in the tablets.

Robustness

The robustness was performed by evaluating slight delib-
erate changes of the optimal analytical conditions such as 
hydrodynamic injection time (0.1 s and 0.5 s, optimal 0.3 s) 
and % of organic modifier (10% and 14% acetonitrile, opti-
mal 12%). The responses were evaluated in terms of system 
suitability i.e., tailing factor, resolution, and efficiency (theo-
retical plates).

Results and Discussion

For quality control laboratories, it is very important to 
develop separation methods for simultaneous quantitation 
of drugs in combined dosage forms that do not demand pre-
treatment. Capillary electrophoresis is an alternative tech-
nique for this purpose. It offers wide applications [22] and 
several benefits such as fast analysis, good resolution, low 
sample consumption, high efficiency and get over several 
disadvantages of HPLC technique [26]. It is also considered 
an eco-friendly analytical technique since it uses very small 
volumes of organic solvents or sometimes does not use them, 

preventing or reducing the generation of hazardous waste. In 
addition, it uses long lasting and versatile capillary columns, 
the same capillary can be used to analyze from small ions to 
macromolecules. This feature also makes it an economical 
technique [23].

Method Development and Optimization

Different trials were carried out to optimize the simultaneous 
separation of ezetimibe and simvastatin within a short ana-
lytical time with good resolution. The electrolyte pH adjust-
ment is very important to keep the electroosmotic flow and 
the migration velocities of weak electrolyte components con-
stant. Thus, a stable and reproducible migration behavior of 
the analytes can be achieved. The effective mobility of cati-
onic and anionic analytes is strongly dependent on their pKa 
value related to background electrolyte pH. However, it is 
worth mentioning that even for substances without effective 
mobility, it can move through the capillary due to electroos-
motic flow, which in turn, is also dependent on background 
electrolyte pH [27]. In the separation of neutral substances, 
the pH adjustment has little influence on selectivity; how-
ever, a pH value must be selected for the system in which the 
surfactant micelles are ionized in such a way to allow their 
migration at a different rate than electroosmotic flow [28].

As ezetimibe and simvastatin drugs are water insoluble, 
this problem can be overcome by using micelles as additives 
[29]. Solutes interact with a migrating micellar phase and 
this mechanism allows separation of neutral and charged 
species [22]. Additives act as a pseudo-stationary phase for 
the separation of closely compounds and other unresolved 
compounds in capillary zone electrophoresis [30].

Then micellar electrokinetic chromatography method was 
performed by addition of sodium dodecyl sulfate surfactant 
above its critical micellar concentration. This provides a 
chromatographic partition between pseudo-stationary phase 
(micelles), formed when the surfactants are above their criti-
cal micellar concentration, and the aqueous background 
electrolyte. To obtain a good separation, effects of pH, buffer 
concentration, sodium dodecyl sulfate concentration, organic 
modifier, applied voltage, injection time and detection wave-
length were studied.

Effect of pH Value

The effect of pH was performed from 7 to 9 since pKa val-
ues of ezetimibe and simvastatin were between 9.75 and 
14.91 [31, 32]. For optimum resolution between analytes, 
the background electrolyte pH should be in the range of the 
corresponding pK values of the analytes [22]. The initial 
sodium tetraborate buffer concentration was set at 20 mmol 
 L−1 as background electrolyte, containing 30 mmol  L−1 
sodium dodecyl sulfate, the buffer pHs were modified by 
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using o-phosphoric acid and NaOH solutions. As sodium 
tetraborate buffer pH increased, the electroosmotic flow was 
also increased which resulted in shorter migration time (pH 
9), but the analytes could not be well separated (Fig. 2C). To 
obtain complete separation, organic modifier was added to 
the background electrolyte (Fig. 3B). Here, pH was set at 9 
under constant conditions, temperature 30 ºC, injection time 
0.3 psi/3 s and voltage + 30 kV.

Effect of Organic Modifier

In micellar electrokinetic chromatography, the presence of 
water-miscible organic solvents such as methanol, 2-pro-
panol and acetonitrile usually improve resolution and/or 
variation in the selectivity. They reduce capacity factor of 
highly hydrophobic solutes to within or near the ideal range 
because of altering the retention mechanism by changing 
the polarity of the aqueous phase, electrolyte viscosity and 
zeta potential. The organic solvents contribute to reduce the 
electroosmotic velocity and expand the migration time win-
dow and increase resolution [33]. However, these solvents in 
high concentrations cannot be used as they can breakdown 
micellar structure. Generally, the maximum content of the 
organic solvent that can be used is 20% or so [30]. The influ-
ence of acetonitrile and methanol in background electrolyte 

was performed in concentration range 5 to 15% (v/v). The 
results showed a decrease of electroosmotic flow mobil-
ity giving longer analysis time when used 15% of solvent, 
especially when methanol was used, since methanol is more 
viscous than acetonitrile. Therefore, acetonitrile was chosen 
for further analysis. Ezetimibe and simvastatin were nearly 
co-eluted in a low amount of acetonitrile ≤ 8%. The separa-
tion between the analytes under study was getting increased 
with the increase in the further levels of acetonitrile. Hence, 
12% (v/v) acetonitrile was chosen as the optimum concentra-
tion for the complete separation of ezetimibe and simvastatin 
(Fig. 3B), under constant conditions of pH 9, temperature 
30 ºC, injection time 0.3 psi/3 s and voltage + 30 kV.

Effect of Surfactant Concentration

Sodium dodecyl sulfate is the most used surfactant in micel-
lar electrokinetic chromatography. Surfactants are added to 
background electrolyte in concentrations above their critical 
micellar concentration to form micelles. Analytes distribute 

Fig. 2  Electropherograms of the effect of pH. A pH 7, B pH 8, and 
C pH 9 of sodium tetraborate buffer background electrolyte on the 
separation of standard mixture of ezetimibe, simvastatin and inter-
nal standard (100  μg   mL−1). Electrophoretic conditions: uncoated 
fused-silica capillary with 50 µm i.d. × 42 cm total (30 cm effective) 
length; electrolyte: 20 mmol  L−1 sodium tetraborate buffer solution, 
and 30  mmol  L−1 sodium dodecyl sulfate; hydrodynamic injection: 
0.3 psi/3 s; applied voltage: + 30 kV; temperature: 30 °C; UV detec-
tion at 238 nm. Peaks: (1) losartan potassium (internal standard), (2) 
ezetimibe, (3) simvastatin, and (EOF) electroosmotic flow

Fig. 3  Electropherograms of the effect of sodium dodecyl sulfate con-
centration. A 20  mmol  L−1, B 30  mmol  L−1, C 40  mmol  L−1, and 
D 50 mmol  L−1 on the separation of standard mixture of simvastatin 
(200 μg  ml−1), ezetimibe and internal standard (100 μg  mL−1). Elec-
trophoretic conditions: uncoated fused-silica capillary with 50  µm 
i.d. × 42  cm total (30  cm effective) length; electrolyte: 20  mmol 
 L−1 sodium tetraborate buffer solution (pH 9), × mmol  L−1 sodium 
dodecyl sulfate and 12% acetonitrile; hydrodynamic injection: 0.3 
psi/3  s; applied voltage: + 30  kV; temperature: 30  °C; UV detection 
at 238  nm. Peaks: (1) losartan potassium (internal standard), (2) 
ezetimibe, (3) simvastatin, and (EOF) electroosmotic flow
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according to their hydrophobicity in and outside of the 
micelles and they are separated by their different affinity to 
the micelles [30].

In the present work, the effect of surfactant concentration 
on the migration times of ezetimibe and simvastatin was 
studied. Sodium dodecyl sulfate concentration was evalu-
ated in the range of 20 to 50 mmol  L−1. The obtained results 
shown that sodium dodecyl sulfate concentration had high 
effect in the mobility of the two analytes. The higher sodium 
dodecyl sulfate concentration the higher migration time. 
Hence, 30 mmol  L−1 sodium dodecyl sulfate was chosen for 
this study because it gave sharp peaks, short analysis time 
(approximately 5.8 min) (Fig. 3) compared with Yardimci 
and Ӧzaltin work [20], they determined the analytes in 
approximately 10 min.

Effect of Borate Buffer Concentration

The influence of borate buffer concentration on the separa-
tion of ezetimibe and simvastatin was analyzed with con-
centration 20, 30 and 40 mmol  L−1 at pH 9. It was observed 
that migration time increased with increasing borate con-
centration. The higher buffer concentration the higher back-
ground electrolyte viscosity and the lower electroosmotic 
flow mobility. Furthermore, the current increased (≈ 82 µA) 
with increasing borate concentration, above 30 mmol  L−1. 
No change of the retention order was observed. Therefore, 
20 mmol  L−1 borate buffer was chosen for its good symmet-
ric peaks and analysis time (Fig. 4C).

Effect of Applied Voltage, Injection Time 
and Capillary Temperature

Regarding the applied voltage, values from 20 to 30 kV 
were tested using the optimized background electrolyte. 
The results showed that by increasing voltage, migration 
times decreased, it is owing to increase in electroosmotic 
flow, since the magnitude of electroosmotic flow is directly 
proportional to the strength of the electric field [33]. Hence, 
a voltage of 30 kV was chosen which producing best peak 
shape with short migration time of the analytes.

Another instrumental parameter evaluated was the injec-
tion time. The volume injected depends essentially on the 
injection time and it affects area, width, and height of the 
peaks. In this way, tests were carried out with times of 1, 
3 and 5 s with hydrodynamic injection at 0.3 psi. It was 
observed that above 3 s there was a widening at baseline 
peaks, causing their distortion and deformation. Good 
peak shapes for ezetimibe and simvastatin (Fig. 4C) were 
observed with 3 s injection time. Therefore, this injection 
time was used for further experiments.

Capillary temperature was also investigated in the range 
from 25 to 40 °C. Best results were observed at 30 °C in 
terms of current generated in the capillary, resolution and 
run time. Increasing the temperature above 30 °C resulted in 
shorter run time but poor resolution and high current. There-
fore, temperature of 30 °C was selected for further analysis.

Selection of Detection Wavelength

Using diode array detector, absorption spectra of ezetimibe 
and simvastatin showed maximum absorbance at 238 nm. 
Figure 1C shows an overlap of ezetimibe and simvastatin 
spectra. In addition, samples of the tablet matrix do not 
showed interference at this wavelength (Fig. 4D). Thus, 
we thereafter used a 238 nm detection wavelength for all 
experiments.

Internal Standard

Internal standard improves the quantitative performance of 
capillary electrophoresis methods in terms of linearity, pre-
cision, and recovery data. It eliminates error introduced by 
variability in voltage, injection volume or electroosmotic 

Fig. 4  Electropherograms at the finally optimized micellar electroki-
netic chromatography method. A background electrolyte, B  Vitoryn® 
placebo sample, C standard mixture of 100  μg   mL−1 ezetimibe, 
200  μg   ml−1 simvastatin and 100  μg   mL−1 internal standard, D 
 Vitoryn® sample (100 μg  mL−1 ezetimibe and 200 μg  mL−1 simvas-
tain) and 100 μg   mL−1 internal standard. Electrophoretic conditions 
are the same as in Fig. 3 with 30 mmol  L−1 sodium dodecyl sulfate. 
Peaks: (1) losartan potassium (internal standard), (2) ezetimibe, (3) 
simvastatin, and (EOF) electroosmotic flow
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flow [34]. Some substances such as clozapine, promethaz-
ine and losartan potassium were tested as internal standard 
candidates. Losartan potassium (100 µg  mL−1) was the most 
suitable due to good absorbance in the method wavelength. 
Complete separation of internal standard, ezetimibe and sim-
vastatin were obtained with migration times of 2.0, 5.4 and 
5.8 min, respectively (Fig. 4).

Optimized Electrolyte Composition

The best results were obtained by using the electrolyte 
composed of 20 mmol  L−1 sodium tetraborate buffer solu-
tion (pH 9, adjusted with o-phosphoric acid), 30 mmol  L−1 
sodium dodecyl sulfate, and 12% acetonitrile. The quantita-
tive determination of the analytes was performed at + 30 kV 
and 30 °C. Under these conditions, ezetimibe and simvasta-
tin were separated below 6 min (Fig. 4).

Method Validation

The validation of an analytical method ensures credibility 
during routine use, being sometimes referred to as a pro-
cess which provides documented evidence that the method 
is suitable for its purpose. The proposed method was fully 
validated as per ICH guidelines [25].

System Suitability

The obtained results of six replicate injections showed that 
the parameters tested were within the acceptable range. 
Ezetimibe and simvastatin were well separated at 5.4 and 
5.8 min, respectively, expressing excellent resolution (mean 
resolution 7). The tailing factor for both ezetimibe and simv-
astatin peaks never exceeded 1.5 indicating good peak sym-
metry (acceptance limit is < 2). The theoretical plates were 
always > 10,000 in all electropherograms which ensured 
good efficiency throughout the developed separation pro-
cess [25]. The proposed method offers high sensitivity, and 
both drugs can be detected accurately. The analytes were 
well separated from the degradation products. Results are 
presented in Table 1.

Specificity/Selectivity and Forced Degradation 
Stability Indicating Capability

The electropherograms of background electrolyte, standards 
(ezetimibe and simvastatin), placebo and  Vitoryn® sample 
were compared to evaluate the specificity of the proposed 
method. The specificity was demonstrated by the absence 
of interference among ezetimibe, simvastatin and excipients 
from  Vitoryn® samples (Fig. 4).

Selectivity and stability indicating capability of the ana-
lytical method was performed through forced degradation 
study. Peak purity was assessed using diode array detector. 

Table 1  System suitability results

a Mean of six replicates

Parameter Ezetimibe ± RSD%a Simvastatin ± RSD%a

Migration time (min) 5.40 ± 0.7 5.80 ± 0.9
Peak area (mAU) 14,556 ± 4.8 33,996 ± 4.1
Theoretical plates (N) 12,507 ± 13.4 101,066 ± 10.5
Tailing factor 1.1 ± 0.2 1.2 ± 0.3
Resolution (Rs) 7.0

Fig. 5  Electropherograms of forced degradation study. A placebo, 
B standard mixture of 100  μg   mL−1 ezetimibe, 200  μg   mL−1 simv-
astatin and 100  μg   mL−1 internal standard, C Vitoryn® sample 
(100  μg   mL−1 ezetimibe and 200  μg   mL−1 simvastatin, D acidic 
hydrolysis (0.1  mol  L−1 HCl); E alkaline hydrolysis (0.1  mol  L−1 
NaOH), F oxidative conditions (3% hydrogen peroxide), G thermal 
conditions (60  °C), and H photolytic conditions (visible light) for 
7  days for all above conditions. Electrophoretic conditions are the 
same as in Fig. 2 except pH 9. Peaks: (1) losartan potassium (internal 
standard), (2) ezetimibe, (3) simvastatin, and (EOF) electroosmotic 
flow
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The analysis was carried out to ensure that the proposed 
method was able to separate ezetimibe and simvastatin from 
the degradation products generated during the forced degra-
dation study. The samples were subjected to stress conditions 
by acidic and alkaline hydrolysis, oxidative, thermal (60 °C) 
and photolytic degradation for 7 days. It was observed that 
sample was sensitive to acidic hydrolysis, with the formation 
of one degradation product in 5.1 min (Fig. 5D). In alkaline 
hydrolysis, it was observed degradation of ezetimibe and 
almost total degradation of simvastatin, showing two deg-
radation products at 4.3 and 5.1 min (Fig. 5E). In oxidative 
condition, it was observed the formation of two degradation 
products at 5.1 and 5.3 min (Fig. 5F). Under heating test, it 
was observed the formation of three degradation products at 
5.1, 5.7 and 6.2 min (Fig. 5G). Under photolytic stress, there 
were observed two degradation products at 4.5 and 5.7 min 
(Fig. 5H). In all cases, ezetimibe, simvastatin and internal 
standard peaks showed purity factor greater than 99%. In 
addition, resolution between the analyte peaks and the pos-
sible degradation product was greater than 1.5, which shows 
acceptable degree of method specificity.

Linearity and Range

The data obtained from plotting the peak area ratios 
(ezetimibe or simvastatin/internal standard) versus drug 
concentrations confirmed the method linearity in the 
concentration range between 80 and 120 μg   mL−1 for 
ezetimibe; while 160 and 240 μg  mL−1 for simvastatin. The 
correlation equations obtained for the linear model were 
y = 0.0373x–1.1003 and y = 0.0417x–1.7465 with determi-
nation coefficient of 0.9956 and 0.9920 for ezetimibe and 
simvastatin, respectively. Analysis of variance at 95% was 
performed to verify the good fitting of the micellar elec-
trokinetic chromatography method, to evaluate its linearity 
and the validity of linear regression. From the obtained 
data (Table 2) we can see there was significant regression 
since calculated F was greater than critical F.

Therefore, analysis of variance showed that the adjust-
ment of the linear model is appropriate for the two curves 
constructed, since the p values found were lower than 
Fcritical values, indicating that the variances of the response 
in Y are independent of the concentration levels in X. The 
adjustment to the linear model was verified by normal and 
random distribution of the residuals (Fig. 6A and 6B), thus 
showing that there is no dependency between the values. 
Therefore, the homoscedasticity assumption is satisfied 
indicating a good fit for the linear model.

Table 2  Linearity, detection, and quantification limits

a Five data points, triplicate at each concentration level
Fcritical: 2.48, α = 0.05
DF degrees of freedom, SS sum of squares, MS mean squares, EZT ezetimibe, SVT simvastatin

Parameter Analyte

Ezetimibe Simvastatin

Range (%) 80–120 80–120
Concentration  rangea (μg  mL−1) 80–120 160–240
Intercept (b) −1.1003 −1.7465
Slope (a) 0.0373 0.0417
Determination coefficient (R2) 0.9956 0.9920
Intercept standard deviation (Sb) 0.0694 0.2101
Slope standard deviation (Sa) 0.0006 0.0010
Probability (p) 7.04 ×  10–10 1.47 ×  10–6

Significance (F) 1.05 ×  10–16 5.23 ×  10–15

Detection limit (µg  mL−1) 6.14 16.63
Quantification limit (µg  mL−1) 18.63 50.40

Ezetimibe and simvastatin analysis of variance (analytical curve)

DF
EZT

SVT SS
EZT

SVT MS
EZT

SVT Fcal
EZT

SVT

Regression 1 1 4.169581 20.857873 4.169581 20.857873 2938.07 1605.96
Residual 13 13 0.018449 0.168841 0.001419 0.012987
Total 14 14 4.188030 21.02671
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Limits of Detection and Quantification

Limits of detection and quantification was obtained by 
using the equations specified in section detection and 
quantification limits, demonstrate that the method is 
sensitive and viable to be applied for the determination 

of ezetimibe and simvastatin in combined dosage forms 
(Table 2).

Accuracy

The proposed analytical method accuracy was evaluated 
by determining the mean percent recoveries of ezetimibe 

Fig. 6  A Residual plots for ezetimibe for linear regression model. B Residual plots for simvastatin for linear regression model
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and simvastatin standards added to the placebo matrix 
using three replicate determinations at three different lev-
els (80, 100 and 120% of the working concentration). The 
obtained mean recoveries were 101.0% for ezetimibe and 
100.4% for simvastatin with RSD% < 1, demonstrating the 
method accuracy (Table 3). Recovery values in the range 
of 100 ± 2% of the target value are considered acceptable 
[35].

Precision

The repeatability and intermediate method precision (intra- 
and inter-day, respectively) were assessed. The repeatability 
(n = 6) was evaluated as the RSD% of six independent sam-
ples, performed in the same day and by the same analyst. 
The intra-day mean assay was 9.95 ± 0.10 mg/tablet (RSD% 
1.05) for ezetimibe and 19.68 ± 0.08 mg/tablet (RSD% 0.38) 
for simvastatin. The intermediate precision was assessed by 
the analyses of other six independent samples by a differ-
ent analyst, which showed mean assay of 10.07 ± 0.12 mg/
tablet (RSD% 1.20) for ezetimibe and 19.77 ± 0.14 mg/tablet 
(RSD% 0.69) for simvastatin. Both repeatability and inter-
mediate precision levels showed low RSD% values (< 2) 
which confirmed the good method precision. These results 
also indicated that the mean of the assay 10.01 ± 0.12 mg/
tablet (RSD% 1.24) for ezetimibe and 19.73 ± 0.11 mg/tablet 
(RSD% 0.58) for simvastatin was in good agreement with 
the label claim for  Vitoryn® tablets. The RSD% was < 2, 
demonstrating that the precision of the analytical method is 
satisfactory (Table 4).

Robustness

The proposed method robustness test showed deliber-
ate changes in the injection time and in the proportion of 
the organic solvent that can interfere in the instrumental 
responses. It was observed broad peaks at baseline for both 

analytes when injection time decreased (symmetry > 2), on 
the other hand, when the injection time increased no broad 
peaks was observed (symmetry < 2). Contrarily, decreasing 
the proportion of organic solvent makes the asymmetry fac-
tor better as compared to increased organic solvent. While 
increasing the theoretical plates makes the injection time and 
proportion of organic solvent decreased, on the other hand, 
when the injection time and proportion of organic solvent 
increased then the theoretical plates decreased. Resolution 
was unaffected with deliberate change in injection time and 
proportion of organic solvent (Table 5).

Table 3  Recovery results for 
ezetimibe and simvastatin

a Mean of three replicates ± SD
b Mean of all recovery levels ± SD (n = 9)

Analyte Theoretical (claimed) con-
centration (μg  mL−1)

Concentration 
found (μg  mL−1)

Recoverya (%) Mean  recoveryb (%)

Ezetimibe 80 80.1 100.1 ± 1.6 101.0 ± 0.77
100 101.6 101.6 ± 0.3
120 121.4 101.2 ± 1.2

RSD% 0.76
Simvastatin 160 160.6 100.4 ± 1.6 100.4 ± 0.35

200 200.2 100.1 ± 1.5
240 241.9 100.8 ± 1.1

RSD% 0.35

Table 4  Precision analysis for the quantification of ezetimibe and 
simvastatin

SD standard deviation, RSD% relative standard deviation percent

Analyte Labeled value Intra-day
Found

Inter-day

I. Analyst II. Analyst (n = 12)

Ezetimibe 10 9.9 9.9
10 10.1 10.2
10 10.0 10.1
10 9.8 10.2
10 9.9 10.0
10 10.0 10.0
Mean 9.95 10.07 10.01
SD 0.10 0.12 0.12
RSD% 1.05 1.20 1.24

Simvastatin 20 19.7 20.0
20 19.7 19.8
20 19.6 19.6
20 19.7 19.7
20 19.8 19.7
20 19.6 19.8
Mean 19.68 19.77 19.73
SD 0.08 0.14 0.11
RSD% 0.38 0.69 0.58
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Stability of Solutions

The stability of sample solutions even as standards work-
ing solutions in the diluting solvent (methanol and ultrapure 
water) was checked, no changes were detected within 8 h 
at room temperature. On the other hand, the standard stock 
solutions were stored in refrigerator at 4 ºC, they were sta-
ble for at least two weeks. Peaks areas and migration time 
of the drugs seemingly remained unchanged (RSD% < 2). 
No significant degradation was observed during that period.

Application of the Proposed Method 
to the Commercial Pharmaceutical Preparation

Ezetimibe and simvastatin analysis in their combined tablets 
 (Vitoryn®) was performed using the developed and validated 
micellar electrokinetic chromatography method. The assay 
of ezetimibe and simvastatin in commercial pharmaceutical 
formulation indicated a mean value of 10.10 ± 0.77 mg/tab-
let (101.0%, RSD% 0.76) for ezetimibe and 10.04 ± 0.35 mg/
tablet (100.4%, RSD% 0.35) for simvastatin. There was good 
agreement between the obtained results and the label claim 
for ezetimibe and simvastatin tablets (Table 3). The results 
were satisfactory, and they are within tolerance limits (95 to 
105% label claim) [6].

Greenness Assessment of the Proposed Method

Green Analytical Procedure Index [36] and Analytical 
GREEnness [37] were employed in this study to evaluate 
the method greenness.

According to Green Analytical Procedure Index, three 
different colored (green, yellow and red) pictograms (five-
pentagram) allowed us to determine the method greenness 
in which green color is considered to be more eco-friendly 
as compared to other two colors (yellow and red). The 
result showed that 10 regions are shaded green, 2 yellow, 
2 red and 1 white indicating the proposed method green-
ness (Table 6A). A numerical estimation was also made 

with HPLC [10] which revealed that 4 regions are green, 4 
yellow, 6 red and 1 white making the reported method less 
green as compared to the proposed micellar electrokinetic 
chromatography method.

Analytical GREEnness found to be comprehensive, con-
venient, reliable and straightforward evaluation approach 
which gathers both quantitative and qualitative aspects of 
comparison. According to this approach, each of the 12 
parameters has a score from 0.0 to 1.0 which is indicated 
by a specific pictogram color ranging from red (0.0) to dark 
green (1.0). In this work, the final score was 0.81 indicating 
the greenness of the proposed micellar electrokinetic chro-
matography method (Table 6B). A numerical estimation was 
also made with HPLC [10] which revealed less green (0.67) 
as compared to the proposed method.

Therefore, both are highly recommended approaches that 
produces an easily interpretable and informative results for 
the greenness assessment [36, 37].

Conclusion

A fast, sustainable and green micellar electrokinetic chro-
matography method has been investigated for the simul-
taneous quantification of ezetimibe and simvastatin. The 
method was fully optimized and validated as per ICH 
guideline and was successfully applied for the analysis 
of ezetimibe/simvastatin in binary mixture tablet dosage 
form and in the presence of their degradation products 
after submitted to different forced degradation conditions 
(oxidative, thermal, photolytic, alkaline and acidic hydrol-
ysis). The proposed method was the first to be considered 
stability indicating since it enabled the determination of 
the active pharmaceutical ingredients without any inter-
ference under different forced degradation conditions. To 
our knowledge, there is no work with this intend, on the 
other hand there is only one research in which ezetimibe 
and simvastatin were determined simultaneously using 

Table 5  Robustness analysis for 
the quantification of ezetimibe 
and simvastatin

* Mean of three determinations
N Efficiency (theoretical plates)

Condition Ezetimibe Simvastatin

Injection time (s) Tailing factor* N* Rs* Tailing factor* N*

 0.1 2.6 303,936 8 2.6 215,398
 0.3 1.1 222,227 7 1.7 105,749
 0.5 0.9 129,372 7 1.3 54,074

Acetonitrile (%)
 10 1.2 176,390 13 1.2 56,821
 12 1.1 222,227 7 1.7 105,749
 14 2.1 142,235 7 1.3 55,378
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capillary electrophoresis in 10  min. In this work, we 
determined the analytes in less than 6 min. The proposed 
micellar electrokinetic chromatography method has sev-
eral advantages like specific, accurate and cost-effective. 
Therefore, it can be successfully applied in quality control 
laboratories for determining ezetimibe and simvastatin in 

their combined binary mixture. Furthermore, the method 
consumes less solvent with high separation efficiency. 
Green Analytical Procedure Index and Analytical GREEn-
ness metrics were used to demonstrate the greenness of the 
proposed method.

Table 6  Greenness assessment

Parameter Response

(A) Green analytical procedure index
 Sample Preparation
  (1) Collection In-line
  (2) Preservation None
  (3) Transport None
  (4) Storage Under normal conditions
  (5) Method type Simple procedures
  (6) Extraction scale Not applicable
  (7) Reagents/solvents used Non-green reagents/solvents
  (8) Additional treatments None

 Solvents/reagents
  (9) Amount  < 10 mL (< 10 g)
  (10) Health hazard Slightly irritant and toxic;

National Fire Protection Association (NFPA) score 1
  (11) Safety hazard Highest NFPA stability/flammability score 1

 Instrumentation
  (12) Energy  < 0.1 kWh/sample
  (13) Occupational hazard Hermetic sealing of analytical procedure
  (14) Waste  < 1 mL (< 1 g)
  (15) Waste treatment No treatment

 Method type
  Type of analysis Qualitative and quantitative

(B) Analytical GREEnness
 (1) Sample treatment In-field sampling and direct analysis
 (2) Sample amount 0.025 g
 (3) Device positioning In-line
 (4) Sample preparation stages 3 or fewer
 (5) Miniaturization and automation Miniaturized and automatic
 (6) Derivatization None
 (7) Waste 1 mL
 (8) Analysis throughput 7 analytes; 70/h
 (9) Energy Consumption 0.4 kWh
 (10) Reagents and source Some reagents are bio-based
 (11) Toxic solvent/reagent amount 0.3 mL
 (12) Operator’s safety Toxic to aquatic life, highly flammable, explosive, corrosive

Green analytical procedure index and analytical 
GREEnness evaluation result
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ABSTRACT 

A novel green ultra-high performance liquid chromatography method was validated and estimated the 

measurement uncertainty for simultaneous determination of metoprolol tartrate (MET) and 

hydrochlorothiazide (HCT) in binary tablet. Method was performed using a Zorbax® SB-C18 column with 

isocratic elution (flow rate 0.9 mL min-1) and maintained with 25 °C column temperature. The 

acetonitrile:water:triethylamine (17:83:0.2 v/v) was used as a mobile phase. Both analytes were separated 

in approximately 1 min. Analytical curves were linear with R2 of 0.9991 and 0.9903 for MET and HCT, 

respectively. Detection limits were 2.42 and 1.05 µg mL-1 for MET and HCT, respectively and quantitation 

limits were 7.34 µg mL-1 for MET and 3.19 µg mL-1 for HCT. The intra- and inter-day precision 

measurements RSD% were 0.39, 0.61 and 0.72, 1.2 % for MET and HCT respectively. Method accuracy 

by recovery tests was between 100 ± 2 %. Measurement uncertainties obtained using Eurachem procedure 

were 100.1 ± 2.8 % and 100.3 ± 2.4 % for MET and HCT, respectively. UHPLC method was accurate, 

precise, linear, specific/selective and did not interfere with the tablet excipients and their degradation 

products. Hence, the proposed method is more eco-friendly compared with three reported methods and can 

be effectively implemented for analytical quality control in the pharmaceutical industries. 

KEYWORDS 

UHPLC; Antihypertensive Drugs; Measurement Uncertainty; Greenness  
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1. INTRODUCTION 

Among cardiovascular diseases, hypertension is one of the most serious medical conditions characterized 

by an increase in systolic blood pressure higher than 130 mmHg [1] with an estimated 1.28 billion people 

worldwide [2]. The challenge of diagnosing and treating hypertension is immense because most 

hypertensive patients are asymptomatic and the symptoms are usually associated with vital organs such as 

brain, heart, and kidney [3]. However, all organs suffer from the consequences of high-pressure levels, as 

all vessels can be reached [4]. 

WHO and Eighth Joint National Committee recommend thiazide diuretics as the first-line therapy for 

primary hypertensive condition due to their showed effectiveness and reduced cost [5]. Among the most 

commonly prescribed drugs include hydrochlorothiazide, chlorthalidone, indapamide, and metolazone [6]. 

Hydrochlorothiazide is chemically 2H-1,2,4-benzothiadiazine-7-sulfonamide, 6-chloro-3,4-dihydro-1,1-

dioxide (Fig. 1A), and among the pioneer diuretics [7] prescribed in combination with other anti-

hypertensive drugs, such as metoprolol tartrate (cardioselective beta-adrenergic antagonist) in hypertrophic 

cardiomyopathy, myocardial infarction, vascular headache, and migraine which proved to be more effective 

than any other drug used by itself [8]. Metoprolol tartrate is chemically 1,1-dioxide 1-[4-(2-

methoxyethyl)phenoxy]-3-[(1-methylethyl)amino]-2-propanol, 2R,3R-dihydroxybutanedioate (Fig. 1B). 

  

(A) (B) 

Fig. 1. Chemical structure of hydrochlorothiazide and metoprolol tartrate. 

Several methods are available to determine the metoprolol tartrate and hydrochlorothiazide including 

supercritical fluid chromatography [9], liquid chromatography-mass spectrometry [10–16], gas 

chromatography-mass spectrometry [17], ultra performance liquid chromatography-mass spectrometry 

[18], high performance liquid chromatography (HPLC) [19–23], ultra performance liquid chromatography 

[24,25], voltammetry [26], spectrophotometry [27], and potentiometry [28]. The literature reveals few 

HPLC methods to determine simultaneously both active pharmaceutical ingredients in tablets, but longer 

retention time, high amount of cabon-based solvents in the mobile phase, and buffer solution have been 

used [20,21,23]. Garg et al. [20] identified the analytes in 8 min using high quantity of methanol (95%), 

while Rawool et al. [21] determined the analytes in 11 min using methanol and phosphate buffer (40:60) as 

mobile phase. Though, the latter did not provide sufficient information for system suitability. Another 

author separates the metoprolol tartrate, hydrochlorothiazide, and relevant impurities in 13 min using 

acetonitrile and sodium phosphate buffer as mobile phase in gradient elution mode [23]. 
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HPLC is a well-established separation technique that has been used in several areas, including 

chemistry, forensics, toxicology, clinical and environmental analysis, to solve many analytical problems. 

Recently many improvements have been incorporated into this technique, including the development of 

new stationary phases and chromatographic support [29]. Ultra-high performance liquid chromatography 

(UHPLC) technique is an example of them that was developed with the introduction of porous particles in 

the stationary phase with less than 2 μm diameter, in response to the ongoing search for a faster and more 

efficient analysis [30]. This method is based on the same HPLC separation principle but uses 

chromatography columns from 5 to 10 cm in length, and internal diameters from 1 to 2.1 mm, filled with 

small size (≤ 2 µm) particles [31]. A higher mobile phase linear velocity increases the resolution and 

detectability while reducing the time analysis which ultimately leads to a significant increase in the 

chromatographic pressure. As a result, appropriate equipment, capable of operating at high pressure up to 

1,000 bar (~15,000 psi) is used to achieve maximum chromatographic performance [32]. 

Green analytical chemistry, an offshoot of green chemistry, is defined as the exploitation of 

methodologies and techniques aiming to minimize the generation of hazardous chemical waste by selecting 

green reagents and solvents as well as by choosing energy-efficient instruments to the extent i.e., technically 

and economically feasible. To address and cover all the twelve principles of green chemistry [33,34], two 

highly recommended approaches i.e., Analytical GREEnness and Green Analytical Procedure Index were 

employed for comprehensive evaluation of the proposed method greenness. 

Laboratories need to estimate measurement uncertainty for their quantitative methods to comply with 

ISO/IEC 17025 requirements. Measurement uncertainty is a component of uncertainty in all the individual 

steps of an analytical procedure [35]. Generally, a measurement result is only an approximation or 

estimation of the measured value and thus only complete when accompanied by a declaration of uncertainty 

of this estimate [36,37]. 

According to the authors' knowledge, there is no validation, measurement uncertainty estimation, and 

greenness evaluation of UHPLC method reported for the simultaneous quantitation of hydrochlorothiazide 

and metoprolol tartrate in tablets. Therefore, the present research describes a fast, simple, validated, and 

optimized UHPLC method for the simultaneous quantitation of hydrochlorothiazide and metoprolol tartrate 

in binary tablets. Both drugs were determined in less than 1 min using less quantity of organic solvent and 

without buffer solution as compared to the reported HPLC methods [20,21,23]. Moreover, measurement 

uncertainty calculation which is based on validation of the analytical procedure is described. Additionally, 

a comprehensive greenness assessment using two different green analytical chemistry metrics (Analytical 

GREEnness and Green Analytical Procedure Index) was performed for the proposed method and compared 

with previously reported HPLC methods.  
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2. MATERIALS AND METHODS 

2.1. Chemical, reagent and sample 

Metoprolol tartrate (98%) and hydrochlorothiazide (98%) were provided by Sigma-Aldrich (Sao Paulo, 

Brazil) and Foundation for Popular Medicine (Sao Paulo, Brazil), respectively. Selopress® coated tablets 

(hydrochlorothiazide 12.5 mg and metoprolol tartrate 100 mg) and placebo (monohydrate lactose, silicon 

dioxide, microcrystalline cellulose, magnesium stearate, povidone, and sodium starch glycolate) were 

purchased from AstraZeneca (Sao Paulo, Brazil). Acetonitrile and methanol HPLC grade were obtained 

from J. T. Baker (Sao Paulo, Brazil). Hydrogen peroxide, sodium hydroxide, o-phosphoric acid, 

hydrochloric acid, and triethylamine were obtained from Merck® (Sao Paulo, Brazil). The purified water 

was obtained using Milli-Q® system. 

2.2. Instrumentation and conditions 

An Agilent 1200 UHPLC system, equipped with a degasser, an autosampler, a quaternary pump and a 

photodiode array detector was used for drug analyses. A Zorbax® SB-C18 (50 mm x 2.1 mm i.d., 1.8 µm 

particle size) chromatographic column was used. The acetonitrile:water:triethylamine (17:83:0.2 v/v), pH 

3.0 adjusted with o-phosphoric acid was used as mobile phase. The flow rate was 0.9 mL min-1. An 

absorbance wavelength of 225 nm was selected, the column temperature was maintained at 25 °C, and the 

sample injection volume was 0.2 µL. 

2.3. Standard stock solutions’ preparation 

10 mg of metoprolol tartrate was accurately weighed and transferred into a 10 mL amber volumetric flask, 

5 mL of methanol was added, and the mixture was stirred until completely dissolved. Milli-Q® purified 

water was used to complete the volume and the sonicatation was performed for 5 min. Metoprolol tartrate 

final concentration was 1000 µg mL-1. The same procedure was used to prepare hydrochlorothiazide 

standard stock solution with final concentration of 1000 µg mL-1. 

2.4. Test-mixture standard preparation 

Aliquots from hydrochlorothiazide and metoprolol tartrate stock standard solutions were transferred into 

amber volumetric flask (10 mL), methanol (5 mL) was added, and Milli-Q® purified water was used to 

complete the volume. Final concentrations were 12.5 µg mL-1 and 100 µg mL-1 for hydrochlorothiazide and 

metoprolol tartrate, respectively. The sonication of test mixture was done for 3 min, the solution was filtered 

with 0.45 µm filter, and injected into UHPLC instrument. 

2.5. Sample stock and working solutions’ preparation 

The tablets (twenty) were weighed and crushed to obtain a fine powder. Three quantities of powder were 
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accurately weighed and then transferred into three amber volumetric flasks (100 mL). After methanol (50 

mL) was added, the flasks were shaken manually for a few minutes and then the volume was adjusted to 

the mark with Milli-Q® water; further, the flasks were sonicated for 10 min. Final concentrations of 

hydrochlorothiazide (100, 125 and 150 μg mL-1) and metoprolol tartrate (800, 1000 and 1200 μg mL-1) 

were obtained. 

To prepare desired working sample solutions, aliquots from sample stock solutions were transferred 

into amber volumetric flasks (10 mL), methanol (5 mL) was added and finally, the volume was completed 

with Milli-Q® water. The solutions were sonicated for 5 min, filtered in a 0.45 µm filter, and injected into 

UHPLC instrument. 

2.6. Method validation 

The method validation was performed according to the guidelines of United States Pharmacopeia [38] and 

International Conference on Harmonization [39]. 

2.6.1. Specificity/selectivity 

Method specificity was evaluated by confirming the separation of metoprolol tartrate and 

hydrochlorothiazide peaks from tablet excipients. Method selectivity was assessed by forced degradation 

conditions (photolytic, oxidative, neutral, alkaline, and acidic hydrolysis). Neutral, acidic, and alkaline 

degradations were carried out in ultrapure water, 0.1 M HCl and 0.1 M NaOH, respectively. After 

degradation, last two were neutralized. 3% H2O2 solution was used for oxidative stress and 

photodegradation was performed by exposing the samples in a photostability UV light chamber for 60 h at 

254 nm. Metoprolol tartrate (1000 µg mL-1) and hydrochlorothiazide (125 µg mL-1) sample solutions were 

prepared and refluxed for 2 and 24 h at 80 °C except photolytic condition. Aliquots were taken and 

transferred to 10 mL amber volumetric flasks and diluted with Milli-Q® water to obtain final concentrations 

of 12.5 µg mL-1 and 100.0 µg mL-1 for hydrochlorothiazide and metoprolol tartrate, respectively and filtered 

before being injected. Peak purities were performed for selectivity assessment by using photodiode array 

detector. 

2.6.2. Linearity  

Aliquots of hydrochlorothiazide and metoprolol tartrate stock standard solutions were transferred to five 

amber volumetric flasks (10 mL) and ultrapure water was used to complete the final volume. Linearity was 

evaluated in triplicate at five concentration levels for metoprolol tartrate (80.0, 90.0, 100.0, 110.0 and 120.0 

µg mL-1) and hydrochlorothiazide (10.0, 11.25, 12.5, 13.75 and 15.0 µg mL-1). Analytical curves (three) 

were constructed by plotting metoprolol tartrate and hydrochlorothiazide concentrations against their peak 

areas. Least-square method was used to calculate the regression lines. Method’s linearity (p value = 0.05) 

was determined by using the analysis of variance. 
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2.6.3. Detection and quantitation limits 

According to the International Conference on Harmonization Q2 (R1) guideline [39], detection and 

quantitation limits were calculated based on response standard deviation and analytical curve slope (n = 3). 

2.6.4. Precision  

Method precision (repeatability and intermediate precision) was studied. Repeatability was performed by 

the determination of ten independent samples in the median concentration (100%) of the analytical curve. 

Samples (12.5 µg mL-1 for hydrochlorothiazide and 100.0 µg mL-1 for metoprolol tartrate) were prepared 

and analyzed on the same day under the same experimental conditions. Intermediate precision was analyzed 

at three different concentration levels (10.0, 12.5 and 15.0 µg mL-1 for hydrochlorothiazide and 80.0, 100.0 

and 120.0 µg mL-1 for metoprolol tartrate) in triplicate over three consecutive days. All results were 

calculated by average percent relative standard deviation. 

2.6.5. Accuracy 

Accuracy was determined as the percent recovery of standard added at known concentration to the sample. 

Recovery based on three concentration levels (80, 100 and 120 % of the label claim) was assessed. Known 

quantities of hydrochlorothiazide (5.0, 6.25 and 7.5 µg mL-1) and metoprolol tartrate (40.0, 50.0 and 60.0 

µg mL-1) standard solutions were added to commercial sample solutions. Accuracy was determined in 

triplicate. 

2.7. Measurement uncertainty evaluation and risk assessment 

Measurement uncertainty estimations were performed according to Eurachem/Citac guides, both using 

bottom-up and top-down approaches [36,37]. Combined uncertainties associated with the quantification of 

metoprolol tartrate and hydrochlorothiazide were obtained from individual uncertainties components 

through weighing and diluting (volumetric flasks and pipettes) associated with standard and sample solution 

preparations, as well as repeatability from peak areas obtained from chromatograms. The general 

uncertainty propagation law equation is presented below: 

𝑢𝑦 = √∑ (𝑢𝑥𝑖
2 (
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)
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 (Eq. 1) 

        where y and 𝑢𝑦 are measured value and respective combined standard uncertainty, 𝑢𝑥𝑖
 and 𝑢𝑥𝑗

 are the 

uncertainty values of 𝑥𝑖 and 𝑥𝑗  inputs, and 𝑟𝑖𝑗 is the correlation between the 𝑥𝑖 and 𝑥𝑗  input values. 

Alternatively, measurement uncertainties associated with the quantification of metoprolol tartrate and 

hydrochlorothiazide were estimated based on the results obtained from in-house validation. In this case, the 
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measurement uncertainties are associated with accuracy and precision used to calculate combined and 

expanded uncertainties [40]. The general model equation used to evaluate in-house validation uncertainty 

data is presented below: 

 

𝑢𝑦 = √(1 − 𝑅)2 + 𝑠𝑃
2 (Eq. 2) 

where 𝑢𝑦 – combined standard uncertainty, R – mean recovery value (accuracy), and 𝑠𝑃 – standard 

deviation of the intermediate precision. 

The false risk conformity decisions due to measurement uncertainties was estimated using a frequentist 

probability approach. Consumers’ (probability to accept a lot that should be rejected) and producers’ 

(probability to reject a lot that should be accepted) by Monte Carlo method. This method was applied using 

MS-Excel spreadsheet with 50,000 simulations. Monte Carlo method was employed using MS-Excel 

formula “=NORM.INV(RAN(), y, 𝑢𝑦)”, where y and 𝑢𝑦 are the measured values (e.g. metoprolol tartrate 

or hydrochlorothiazide assay value) and respective combined standard uncertainty. The consumers’ and 

producers’ risk values were calculated as 𝑁𝑂𝑈𝑇 (𝑁𝑂𝑈𝑇 + 𝑁𝐼𝑁)⁄  and 𝑁𝐼𝑁 (𝑁𝑂𝑈𝑇 + 𝑁𝐼𝑁)⁄ , where 𝑁𝐼𝑁 and 

𝑁𝑂𝑈𝑇  are the number of simulated values within and out of the specification limits (note: 𝑁𝐼𝑁 + 𝑁𝑂𝑈𝑇 = 

50,000). The MS-Excel spreadsheet used to calculate the consumers’ and producers’ risk values is available 

as supplementary material (Risk Assessment.xlsx). 

3. RESULTS AND DISCUSSION 

3.1. Method development and optimization 

The preliminary chromatographic method for simultaneous determination of hydrochlorothiazide and 

metoprolol tartrate was developed using Zorbax® SB-C18 column (50 mm x 2.1 mm i.d., 1.8 µm particle 

size), a mixture of acetonitrile:water (20:80 v/v), pH 3.0 adjusted with o-phosphoric acid was used as mobile 

phase. The flow rate was 0.9 mL min-1, the column temperature was set at 25 °C, and the detection 

wavelength was fixed at 225 nm. 

Fig. 2A shows the separation of analytes, however, the peaks are deformed and presenting enlargement 

at baseline. The metoprolol tartrate asymmetry is due to the interaction of amine functionality with the 

residual silanols of the stationary phase. To improve peak symmetry, 0.2% triethylamine was added to the 

mobile phase which will cover residual silanols, hence avoiding enlargement and resolution was a little bit 

compromised (Fig. 2B). 
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Fig. 2. Chromatogram of metoprolol tartrate (MET) and hydrochlorothiazide (HCT). Conditions: Zorbax® 

SB-C18 column (50 mm x 2.1 mm i.d., 1.8 µm particle size), pH 3.0 adjusted with o-phosphoric acid, 

column temperature 25 °C, flow rate 0.9 mL min-1, and detection at 225 nm. Mobile phase: (A) 

acetonitrile:water (20:80 v/v); (B) acetonitrile:water:triethylamine (20:80:0.2 v/v); and (C) 

acetonitrile:water:triethylamine (17:83:0.2 v/v). 

To optimize the proposed method, Central Composite Design with Doehlert was used to adjust 

quadratic models [41,42]. The tested models are expressed in Table 1, while their statistical significance 

assessed by analysis of variance was expressed in Table 2. 

Table 1 Central Composite Design for hydrochlorothiazide (Y1) and metoprolol tartrate (Y2) resolutions 

as function of pH (X1) and acetonitrile (% ACN) proportion (X2). 

  Resolution 

X1 (pH) X2 (% ACN) Y1 (HCT) Y2 (MET) 

2.3 17 4.82 7.14 

2.5 12 1.6 14.19 

2.5 22 0 1.6 

3.0 10 0 20.9 

3.0 17 4.85 6.68 

3.0 24 0.86 1.08 

3.5 12 0 16.32 

3.5 22 1.42 0.92 

3.7 17 4.75 7.6 

Table 2 Analysis of variance results for hydrochlorothiazide (Y1) and metoprolol tartrate (Y2) 

resolutions as function of pH (X1) and acetonitrile proportion (X2). 

Source 
Y1 Y2 

Coef DF SS p value Coef DF SS p value 

Regression  2 16.0811 0.078  4 411.549 0.000 

    R2 0.57    0.995    

   Constant -18.40    36.64    

   Linear  1 0.1324 0.806  2 392.817 0.000 
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      X1     5.31 1 0.554 0.350 

      X2 2.528 1 0.1324 0.806 -3.129 1 392.263 0.000 

   Quadratic  1 15.9487 0.030  1 16.758 0.004 

      X1         

      X2 -

0.0736 

1 15.9487 0.030 0.0754 1 16.758 0.004 

  Interaction      1 1.974 0.117 

      X1 * X2     -0.281 1 1.974 0.117 

Error  6 12.0012   4 1.981  

Total  8 28.0823   8 413.529  

R2 = Determination coefficient; Coef = coefficient; DF = degrees of freedom; SS = sum of squares 

The regression equations and determination coefficients for hydrochlorothiazide (Y1) and metoprolol 

tartrate (Y2) resolutions as function of pH (X1) and acetonitrile proportion (X2) are expressed in equations 

(Eq. 3 and 4), respectively. 

Y1 = –18.40 + 2.528*X2 – 0.0736*X22 (Eq. 3) 

Y2 = 36.64 + 5.31*X1 – 3.129*X2 + 0.0754*X22 – 0.281*X1*X2 (Eq. 4) 

Fig. 3A represents 3D response surface plot for hydrochlorothiazide (Y1) resolution and Fig. 3B for 

metoprolol tartrate (Y2) resolution as function of pH (X1) and acetonitrile proportion (X2). 

Hydrochlothiazide resolution (Rs(hydrochlorothiazide degradation product – hydrochlorothiazide)) and metoprolol tartrate 

resolution (Rs(hydrochlorothiazide – metoprolol tartrate)) suffer more interference with variation in acetonitrile 

concentration and there was almost no change with pH variation. 

Fig. 3. Response surface. (A) hydrochlorothiazide (Y1) and (B) metoprolol tartrate (Y2) resolutions as 

function of pH (X1) and acetonitrile proportion (X2). 

The resolution was maximized, when 17% of acetonitrile and pH 3 were used. Under these conditions, 

(B) (A) 
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resolutions of 4.85 for hydrochlorothiazide degradation product – hydrochlorothiazide and 6.68 for 

hydrochlorothiazide – metoprolol tartrate were obtained. 

The proposed UHPLC method for determining both drugs simultaneously was validated using the 

following conditions: Zorbax® SB-C18 column (50 mm x 2.1 mm i.d., 1.8 µm particle size), and 

acetonitrile:water:triethylamine (17:83:0.2 v/v) pH 3.0 adjusted with o-phosphoric acid. The injection 

volume was 0.2 µL, the column temperature was set at 25 °C, and the eluent was monitored by the detection 

wavelength of 225 nm. 

Fig. 2C shows metoprolol tartrate and hydrochlorothiazide chromatogram obtained at optimized 

chromatographic conditions. 

3.2. Method validation 

The assessed parameters were specificity/selectivity, precision, linearity, accuracy, detection and 

quantification limits [38,39]. Robustness was assessed by Central Composite Design response from method 

development and optimization. 

3.2.1. System suitability 

In chromatographic methods, system suitability assessment is very important to confirm the acceptable 

performance of the instrument used for analytical measurements [43]. This process generates the production 

of accurate and replicable data which can be submitted with confidence to regulatory agencies. Typically, 

the system suitability parameters include tailing factor, resolution, retention time, and number of theoretical 

plates [44]. 

3.2.2.  Specificity/Selectivity 

Method specificity was evaluated through a solution containing a mixture of tablet excipients. No 

interferences were detected at retention times of metoprolol tartrate and hydrochlorothiazide in the sample 

solution. Peak purities higher than 99.8% were obtained for metoprolol tartrate and hydrochlorothiazide by 

using photodiode array detector, which shows the excipients did not coelute with main peaks (Fig. 4J). 

Thereby, the presented method is applicable for the determination of both active pharmaceutical 

ingredients. 
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Fig. 4. Chromatograms of metoprolol tartrate (MET) and hydrochlorothiazide (HCT) after forced 

degradation conditions at 2 h – 80 °C and 24 h – 80 °C. (A) and (B) neutral hydrolysis; (C) and (D) 

oxidative; (E) and (F) basic hydrolysis; (G) and (H) acidic hydrolysis; (I) photolytic and (J) 0-hour without 

stress. Conditions: Zorbax® SB-C18 column (50.0 mm x 2.1 mm i.d., 1.8 µm particle size); mobile phase: 

acetonitrile:water:triethylamine (17:83:0.2 v/v) pH 3.0 adjusted with o-phosphoric acid, sample injection 

2.0 µL, flow rate 0.9 mL min-1, column temperature 25 °C, and UV detection at 225 nm. D = degradation 

product. 

Method selectivity was assessed by performing metoprolol tartrate and hydrochlorothiazide under 

forced degradation conditions (photolytic, oxidative, neutral, basic, and acidic hydrolysis) to demonstrate 

whether their degradation products either interfere or not for the determination of hydrochlorothiazide and 
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metoprolol tartrate. One hydrochlorothiazide degradation product was observed after 2 and 24 h for 

oxidative and neutral hydrolysis (0.56 min), acidic and basic hydrolysis (0.55 min), while no degradation 

product was observed with metoprolol tartrate (Fig. 4). Peak purities were performed and purity factor 

higher than 999 (metoprolol tartrate 999.95 and hydrochlorothiazide 999.96) were obtained by using 

photodiode array detector. There was no interference from the obtained degradation products with the 

quantification of analytes under study. 

3.2.3. Linearity 

Metoprolol tartrate (concentration range: 80.0 to 120.0 µg mL-1) and hydrochlorothiazide (concentration 

range: 10.0 to 15.0 µg mL-1) were used to construct the analytical curves. Good linearities with 

determination coefficients > 0.99 for both active pharmaceutical ingredients were obtained. To check the 

method good fitting, an analysis of variance was performed and there was significant regression, Fcalculated 

= 152.85 > Fcritical = 2.48 for hydrochlorothiazide and Fcalculated = 1934.34 > Fcritical = 2.48 for metoprolol 

tartrate,  = 0.05. It demonstrates that linear model is suitable for the curves, since critical F values were 

higher than found p values, indicating Y (response variances) is independent of X (concentration levels). 

Moreover, F values observed from the regression analysis were greater than critical F. Therefore, Table 3 

shows the existence of a linear relationship between X and Y variables. 

Table 3 System suitability, linearity, limits of detection and quantitation, precision and 

accuracy of the proposed method. 

Analytical feature Metoprolol tartarate  Hydrochlorothiazide 

Retention time (min)a 0.96 ± 0.01 0.70 ± 0.01 

Column efficiency (N)a 1716 ± 4.23 1777 ± 4.92 

Tailing factora 1.36 ± 0.03 1.32 ± 0.03 

Resolution (Rs)a 4.03 ± 0.05 

Determination coefficient (R2) 0.9991 0.9903 

Concentration range (µg mL-1)b 80.0 – 120.0 10.0 – 15.0 

Intercept 2.893 -13.794 

Slope (S) 2.187 10.381 

Critical 2.48 2.48 

P  0.6147 0.2840 

Detection limit (µg mL-1) 2.42 1.05 

Quatitation limit (µg mL-1) 7.34 3.19 

Intra-day precision (% RSD)c 1.20 ± 2.70 0.72 ± 0.87 

Inter-day precision (% RSD)d 0.62 ± 0.30 0.39 ± 0.22 

Accuracy (% Recovery) (Mean ± SD)e 101.13 ± 0.64 100.60 ± 0.26 

a: Mean ± SD of six determinations. 
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b: Five concentrations, each concentration level in triplicate. 

c: Mean ± SD of ten determinations. 

d: Mean ± SD of nine determinations. 

e: Average of nine determinations. 

% RSD = percent relative standard deviation. 

3.2.4. Detection and quantitation limits 

Following formula is used to calculate the detection and quantitation limits. 

Detection limit = 3.3 /S and Quantitation limit = 10 /S 

where  – standard deviation of y-intercepts of regression lines, S – slope estimated from analytical 

curves of metoprolol tartrate and hydrochlorothiazide. Detection and quantitation limits for metoprolol 

tartrate were 2.42 µg mL-1 and 7.34 µg mL-1 and for hydrochlorothiazide were 1.05 µg mL-1 and 3.19 µg 

mL-1, respectively. 

3.2.5. Precision 

The intra-day (repeatability) and inter-day (intermediate) precisions were calculated as percent relative 

standard deviation for sample solutions containing metoprolol tartrate and hydrochlorothiazide to prove its 

applicability. The intra-day precision was estimated to be 0.72 ± 0.87 and 1.20 ± 2.70 % for 

hydrochlorothiazide and metoprolol tartrate, respectively; and the inter-day precision was estimated to be 

0.39 ± 0.22 % for hydrochlorothiazide and 0.62 ± 0.30 % for metoprolol tartrate. The results confirmed that 

the proposed method was highly precise [45] (Table 3). 

3.2.6. Accuracy 

Recovery tests were carried out at three concentration levels (low, middle, and high) from the analytical 

curve to obtain the method accuracy. Recovery was obtained by spiking known quantities of 

hydrochlorothiazide and metoprolol tartrate standards to known sample quantities in triplicate. The average 

percentage recoveries for hydrochlorothiazide and metoprolol tartrate demonstrated that the presented 

method was highly accurate [45] (Table 3). 

3.3. Uncertainty measurement 

To indicate the test reliability, the measurement uncertainties were estimated according to Eurachem/Citac 

guidelines [46]. The uncertainty estimation results of any test depend on the knowledge of critical points 

of the analytical procedure, it is essential to know the factors that can influence the final result. To avoid 

the double uncertainty contribution, which could lead to overestimation of the combined uncertainty, the 

diagram of cause and effect was constructed, also known as Ishikawa or Fishbone diagram (graphical 
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abstract). 

Standard uncertainties of metoprolol tartrate and hydrochlorothiazide were estimated based on the 

validation method, experimental studies, certificate information, and calibration results (Table 4). 

Table 4 Quantification of uncertainties and conversion to standard deviation of the uncertainty of each 

component which is used to estimate the combined uncertainties associated with the quantification of 

metoprolol tartrate (MET) and hydrochlorothiazide (HCT) in pharmaceutical binary tablet. 

Uncertainties sources Standard uncertainty (𝑥) Relative standard uncertainty (𝑢𝑥) 

Preparation of standard solution 

Weight of MET RS (𝑤𝑠) 10.0 mg 0.1 mg 

Weight of HCT RS (𝑤𝑠) 10.0 mg 0.1 mL 

Volumetric flask (𝑣𝑓𝑠1) 10.000 mL 0.017 mL 

Volumetric pipette (𝑣𝑝𝑠1) 1.0000 mL 0.0017 mL 

Volumetric flask (𝑣𝑓𝑠2) 10.00 mL 0.017 mL 

Preparation of sample solution 

Weight of sample (𝑤𝑡) 345.0 mg 0.1 mg 

Volumetric flask (𝑣𝑓𝑡1) 100.00 mL 0.17 mL 

Volumetric pipette (𝑣𝑝𝑡1) 1.0000 mL 0.0017 mL 

Volumetric flask (𝑣𝑓𝑡2) 10.000 mL 0.017 mL 

Repeatability of peak area 

Area of MET in Standard (𝐴𝑠) 221.73 1.33 

Area of MET in Sample (𝐴𝑡) 221.86 1.33 

Area of HCT in Standard (𝐴𝑠) 120.83 0.43 

Area of HCT in Sample (𝐴𝑡) 121.20 0.44 

Expanded final uncertainty 

Quantification of MET (%) 100.1% 2.8%* 

Quantification of HCT (%) 100.3% 2.4%* 

 RS = Reference Standard. 

*Expanded uncertainty using a coverage factor k = 2.0 with 95% confidence level. 

 

For each source of uncertainty, variables of entry were determined, and uncertainties associated with 

each source were quantified. Correlations between variables were assumed to be negligible. Combined and 

expanded uncertainties were calculated using the following equation (Eq. 5). 
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 (Eq. 5) 

where 𝑤𝑠 and 𝑢𝑤𝑠 are weight of reference standard and its respective uncertainty, 𝑣𝑓𝑠1 and 𝑢𝑣𝑓𝑠1 are 
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volume of volumetric flask used to prepare standard stock solution and its respective uncertainty, 𝑣𝑝𝑠1 and 

𝑢𝑣𝑝𝑠1 are volume of volumetric pipette used to prepare standard diluted solution and its respective 

uncertainty, 𝑣𝑓𝑠2 and 𝑢𝑣𝑓𝑠2 are volume of volumetric flask used to prepare standard diluted solution and 

its respective uncertainty, 𝑤𝑡 and 𝑢𝑤𝑡  are weight of test sample and its respective uncertainty, 𝑣𝑓𝑡1 and 

𝑢𝑣𝑓𝑡1 are volume of volumetric flask used to prepared test stock solution and its respective uncertainty, 

𝑣𝑝𝑡1 and 𝑢𝑣𝑝𝑡1 are volume of volumetric pipette used to prepare test diluted solution and its respective 

uncertainty, 𝑣𝑓𝑡2 and 𝑢𝑣𝑓𝑡2 are volume of volumetric flask used to prepare test diluted solution and its 

respective uncertainty, 𝐴𝑠 and 𝑢𝐴𝑠 are peak area obtained for reference standard diluted solution and its 

respective uncertainty, and 𝐴𝑡 and 𝑢𝐴𝑡  are peak area obtained for test diluted solution and its respective 

uncertainty. 

The main uncertainties identified for the test were associated with the weight of metoprolol tartrate and 

hydrochlorothiazide reference standards, contributing to 53 and 72 % of overall uncertainties. It can be 

explained due to the small amount of reference standards used. Moreover, the variability of peak areas for 

metoprolol tartrate and hydrochlorothiazide in sample and standard solutions contributed with 9 and 19 % 

of overall uncertainty, respectively. A contribution summary of each component is shown in Fig. 5A. 

 

Fig. 5A. Contribution of each source of uncertainty to the overall uncertainty associated with the 

quantification of metoprolol tartrate (MET) and hydrochlorothiazide (HCT) by ultra-high performance 

liquid chromatography. ws = weight of MET reference standard; ws = weight of HCT reference standard; 

vfs1 = volumetric flask; vps1 = volumetric pipette; vfs2 = volumetric flask; wt = weight of sample; vft1 = 

volumetric flask; vpt1 = volumetric pipette; vft2 = volumetric flask; As = area of MET in standard; At = 

area of MET in sample; As = area of HCT in standard; and At = area of HCT in sample. 

The metoprolol tartrate and hydrochlorothiazide content results and their uncertainty measurement 

obtained using Eurachem procedure were 100.1 ± 2.8 % and 100.3 ± 2.4 %, respectively. These results 

were closely to ones found with Monte Carlo simulation (100.1 ± 2.74 % for hydrochlorothiazide and 100.3 

± 2.37 % for metoprolol tartrate) and using in-house validation data (100.0 ± 2.99 % for hydrochlorothiazide 
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and 100.3 ± 2.58 % for metoprolol tartrate). Measurement uncertainty values obtained from validation data 

were calculated using the accuracy and precision results at 12.5 µg mL-1 and 100 µg mL-1 for 

hydrochlorothiazide and metoprolol tartrate, respectively. 50,000 assay results were simulated and 

calculated by random raw data using Monte Carlo method. 

It is worth to be mentioned that the uncertainty value for metoprolol tartrate (𝑈𝑀𝐸𝑇  = 2.8%) was found 

to be higher than the target uncertainty value (𝑈𝑡 = 2.5%). On the contrary, the measurement uncertainty 

value obtained for hydrochlorothiazide (𝑈𝐻𝐶𝑇 = 2.4%) was lower than the target uncertainty (𝑈𝑡  = 2.5%). 

The uncertainty associated with weight of the reference standard may be improved in order to obtain an 

uncertainty value for hydrochlorothiazide below the target uncertainty value. 

Measurement uncertainty information should be taken into account to reduce false risk of 

conformity/non-conformity decisions. Thus, considering the measurement uncertainties values obtained for 

metoprolol tartrate and hydrochlorothiazide, the false risk conformity decisions were estimated using 

Monte Carlo simulations. Consumers’ and producers’ particular risks as a function of metoprolol tartrate 

and hydrochlorothiazide quantification are presented in Fig. 5B. 

 

Fig. 5B. Consumers’ and producers’ risks due to measurement uncertainties estimated as a function of 

metoprolol tartrate (MET) and hydrochlorothiazide (HCT) quantifications. LSL = Lower Specification 

Limit; USL = Upper Specification Limit. 

Alternatively, guard bands may be used to define acceptance (or rejection) region which ensures a 

reduced risk of false acceptance (or rejection). Generally, by multiplying the uncertainty value (𝑢) by an 

adequate coverage factor (𝑘, usually 1.64 for a 5% risk of false decision), it is possible to obtain the guard 

band (𝑔). In order to provide a lower risk of false acceptance (consumer’s risk), the guard band (𝑔) is 

subtracted and added to the upper and lower specification limits, respectively. Considering measurement 

uncertainty values obtained for metoprolol tartrate and hydrochlorothiazide and specification interval from 

90 to 110 %, the acceptance limits are from 92 to 108 % and from 92.3 to 107.7 % for metoprolol tartrate 

and hydrochlorothiazide, respectively. On the other hand, the guard band (𝑔) is added and subtracted to the 

upper and lower specification limits to provide a lower risk of false rejection (producer’s risk). Thus, the 
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lower and upper rejection limits will be 88% and 102% for metoprolol tartrate and 87.7% and 102.3% for 

hydrochlorothiazide, respectively. 

3.4. Application of the proposed method 

Both active pharmaceutical ingredients (hydrochlorothiazide and metoprolol tartrate) were analyzed using 

the validated UHPLC method in binary Selopress® coated tablets. The assay of hydrochlorothiazide and 

metoprolol tartrate in the pharmaceutical formulation indicated a mean value of 12.94 ± 0.53 mg/tab 

(103.52%, %RSD = 0.53) and 99.94 ± 0.08 mg/tab (99.94%, %RSD = 0.08), respectively that found to be 

in good compliance with label claim amount 90 – 110 % [38].  

3.5. Evaluation of proposed method greenness and comparison with three reported methods 

Based on green analytical chemistry approaches (Analytical GREEnness and Green Analytical Procedure 

Index), the developed UHPLC method were evaluated. Green Analytical Procedure Index shows green, 

yellow, or red colors which represent the low, medium, or high environmental concerns. Results showed 

that 6 regions are shaded green, 5 yellow, 3 red, and 1 white indicating the proposed method was more 

greener compared to three reported high-performance liquid chromatographic methods (Table 5). 

Table 5 Evaluation of proposed method and comparison with literature 

Method Mobile phase 
Run time  

(min) 

Flow rate  

(mL min-1) 

Waste  

(mL/run) 

Green Analytical 

Procedure Index 
Analytical GREEnness 

UHPLC 

Proposed 

Method 

acetonitrile:water:triethylamine 

(17:83:0.2 v/v) 
3 0.9 2.7 

 

(6 Green, 5 Yellow, 3 Red)  

HPLC [20] methanol:water (95:5 v/v) 13 1.2 15.6 

 

(6 Green, 2 Yellow, 6 Red)  

HPLC [21] 
phosphate buffer:methanol (60:40 

v/v) 
14 1 14 

 

(6 Green, 3 Yellow, 5 Red)  

HPLC [23] 

A) sodium phosphate buffer 

34mM; B) acetonitrile at a 

gradient elution: 15% B; 15%-

90% B; 90%-15% B; 15% B 

13 1 13 

 

(4 Green, 4 Yellow, 6 Red)  

Analytical GREEnness also reveals the greenness profile by specific pictogram color ranging from red 

to dark green with a score from 0.0 to 1.0. The proposed UHPLC method was more eco-friendly with a 

final score of 0.79 as compared to three reported HPLC methods (Table 5). Therefore, both are highly 

recommended and widely used approaches that produce an informative and easily interpretable result for 

the assessment of greenness. 
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4. CONCLUDING REMARKS 

A fast, linear, precise, accurate, and robust UHPLC method was developed, optimized and validated by 

using Central Composite Design for simultaneous quantitation of hydrochlorothiazide and metoprolol 

tartrate in pharmaceutical binary tablet and in presence of their degradation products. No interference was 

detected at retention times of both active pharmaceutical ingredients from matrix sample. The forced 

degradation conditions (photolytic, oxidative, neutral, acidic, and alkaline hydrolysis) were also performed. 

No metoprolol tartrate degradation product was observed, while one hydrochlorothiazide degradation 

product was observed when the sample was submitted to photolytic, oxidative, neutral, acidic and alkaline 

hydrolysis. 

The novelty of the described UHPLC method is the validation and measurement uncertainty estimation. 

The producer’s and consumer’s risks were estimated for compliance assessment using uncertainty 

measurement and Monte Carlo simulations to obtain a reliable analytical procedure. Moreover, the 

proposed method greenness is also evaluated and compared with the published HPLC methods. Therefore, 

the proposed method can be effectively implemented for analytical quality control in the pharmaceutical 

industries. 
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In this work, a novel environment-friendly stability indicating capillary zone electrophoresis (CZE) method
has been developed and validated for assaying the aripiprazole (ARP) in tablet dosage form. The separation
of ARP from its degradation products and internal standard was achieved using a fused silica capillary col-
umn (30.2 cm x 75 mm ID), a background electrolyte containing 6 mmol L�1 ammonium formate buffer (pH
3) with 5% methanol under a potential of 15 kV and detection at 214 nm. The stability indicating ability of
the method was investigated by analyzing ARP after being subjected to acidic, alkaline, thermal, photolytic,
and oxidative stress conditions, according to ICH guidelines. Design of experiments was used during forced
degradation and method optimization. Oxidation was the main degradation pathway among those evalu-
ated. The drug was separated from its oxidative degradation products in less than 4 min. CZE method was lin-
ear between 60 − 140 mg mL�1, R2 = 0.9980, precise (intra-day 0.88% and inter-day 1.30%). The average
recovery was 100.93 § 0.77%. This is the first method in the literature for quantification of ARP in the pres-
ence of its related degradation products with high separation efficiency, low operation cost and minimum
solvent consumption. This method could be helpful in the routine quality control analysis in the pharmaceu-
tical industries with least harmful effect on the environment. CZE is considered an eco-friendly alternative of
conventionally HPLC methods.
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Introduction

Stability study is mandatory for the pharmaceutical industry to
ensure the quality of the drug products. Both Food and Drug Adminis-
tration1 and International Conference on Harmonization (ICH) Q1A
(R2)2 guidelines state the requirement of stability testing to better
understand the drug substance quality along with changes in drug
product under the influence of forced degradation. This should be
carried out using stability indicating methods that can resolve and
accurately quantify the drug substances as well as the degradation
products. In order to assess the stability conditions of a given drug, it
is essential that these methodologies be fully validated;3 although
the regulatory guidelines only define the concept of stress testing,
but they do not provide detailed procedural information.4 A new
approach in this field is to evaluate the interdependence of forced
degradation parameters by applying the Design of Experiments
(DoE) concept.5 DoE is an established tool for the development of
analytical methods.6,7 It has been used to successfully develop stabil-
ity indicating and impurity profiling methods which include the sep-
aration of various components.8 Similarly, DoE can also be applied for
the analytical method optimization.9

Aripiprazole (ARP, Fig. 1A) is a third-generation atypical antipsy-
chotic approved for the treatment of schizophrenia, bipolar disorder,
depression, and autism spectrum disorders.10 It acts as a partial dopa-
mine D2, partial serotonin 5-HT1A receptor agonist and 5-HT2A
receptor antagonist.11−13

The literature reveals several methods for the determination of
ARP and/or its active metabolite dehydroaripiprazole in the presence
or absence of degradation products after forced degradation tests

mailto:msaprad06@usp.br
https://doi.org/10.1016/j.xphs.2022.08.025
https://doi.org/10.1016/j.xphs.2022.08.025
http://www.ScienceDirect.com
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Figure 1. Chemical structure of aripiprazole (A), promethazine (B) and oxidation of aripiprazole: (C) aripiprazole-1-N-oxide (D) aripiprazole 1,4-di-N-oxide
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(stability indicating methods) in both pharmaceutical dosage form
and biological fluids by means of gas chromatography with mass
spectrometry,14 high-performance liquid chromatography (HPLC)
with ultraviolet and diode array detection,15−24 or mass spectrometry
detection.25−30 Some of them make use of time-consuming sample
pre-treatment methodologies or require expensive instrumentation.
Other papers reported the spectrophotometric method,31−33 volta-
metric method34,35 and capillary electrophoresis (CE) method36−38

for the analysis of ARP in biological fluids.
Capillary electrophoresis, family of electric field-driven microscale

separation modes, is the fastest expanding separation technique in
pharmaceutical analysis as it presents itself as an alternative tech-
nique compared to HPLC.39,40 The analysis of drugs and impurities is
often challenging and requires powerful separation techniques. Cap-
illary electrophoresis can be used for this purpose due to its high sep-
aration efficiency and high throughput automation.39−42 Besides
that, CE is considered as an alternative green ecofriendly separation
technique, because it uses a small sample volume along with small
amount of reagents and a minimum or no organic solvents, thus
reducing the environmental impact by reducing the generation of
organic waste.43

Few CE methods for the analysis of ARP and its metabolites are
reported. ARP and its active metabolite (dehydroaripiprazole) were
determined by capillary zone electrophoresis in plasma with sample
pretreatment by liquid−liquid extraction and the analytes were
determined in 12 min.37 Musenga et al.36 developed a CE method for
the analysis of ARP from plasma of schizophrenic patients, good lin-
ear response and precision assays were obtained. However, problems
with migration time repeatability, inadequate peak shape and matrix
effect (spikes and higher background noise) were observed. Another
research showed the use of CE method to quantify ARP and dehy-
droaripiprazole in psychiatric patient’s blood samples using 80 mmol
L�1 2-3% dimethylsulfoxide-phosphate as a buffer at pH 3.0 but with
a very long runtime of 30 min.38

To the best of our knowledge, no stability indicating capillary zone
electrophoresis (CZE) method for the determination of ARP in the
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presence of its degradation products and in pharmaceutical dosage
forms has been published or described in the literature. This fact indi-
cates there is need to develop a fast, simple, and accurate stability
indicating CZE method to determine ARP. This is the novelty of this
work added to the use of an eco-friendly BGE taking into consider-
ation operator’s health and environmental safety.

The method was validated for its intended purpose. ARP was sub-
jected to various stress conditions (e.g., hydrolysis (acid, alkaline),
oxidation, thermal, and photolysis) according to the ICH Q1A(R2)
guideline. The study of forced degradation and optimization of CZE
conditions for the separation of ARP and its oxidative degradation
products (ODPs) was performed by applying the concept of DoE.

Materials and Methods

Chemicals, Reagents, and Samples

ARP standard was kindly donated by Apsen Farmacêutica (Sao
Paulo, Brazil). Promethazine hydrochloride (used as internal standard
− IS) (Fig. 1B) was purchased from Sigma Aldrich (Sao Paulo, Brazil).
Aristab� (Ach�e Laborat�orios, Sao Paulo, Brazil), tablets containing
10 mg of ARP were obtained from a local pharmacy. Hydrochloric
acid, sodium hydroxide, hydrogen peroxide, HPLC grade acetonitrile,
HPLC grade methanol were purchased fromMerck (Sao Paulo, Brazil).
Ammonium formate and formic acid were obtained from Sigma
Aldrich (Sao Paulo, Brazil). Ultrapure water was obtained from a
Milli-Q water purification system (Milli-Q Gradient System, Millipore
Corp., Bedford, MA, USA) and was used for all analyses.

Instrumentation

CE measurements were carried out on P/ACE MDQ (Beckman
Coulter, Fullerton, CA, USA) and Agilent 7100 (Agilent Technologies,
Inc., Santa Clara, CA, USA) capillary electrophoresis instruments. Both
instruments were equipped with a diode array detector (DAD).
Instrument control, data collection and evaluation were performed
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with Karat� v. 8.0 and OpenLab ChemStation� software for P/ACE
MDQ and Agilent 7100 capillary electrophoresis instruments, respec-
tively. Analytical runs were carried out on an uncoated fused silica
capillary with 30.2 cm total length and 75 mm i.d. (Polymicro Tech-
nologies, Phoenix, AZ, USA). The pH values of the running buffer solu-
tions were adjusted using a Mettler Toledo pH meter model PG1800
(Gehaka, Sao Paulo, Brazil). Photolytic degradation was carried out
using a photostability chamber (Model 424-CF, Ethik, SP, Brazil). Fur-
thermore, the ultrasound T14 model (Thorton, Sao Paulo, Brazil) and
Mettler analytical balance model AB204 (Mettler Toledo, Sao Paulo,
Brazil) were used.

Preparation of Solutions

Diluent
The diluent used for working solutions was a mixture of acetoni-

trile, methanol and 6 mmol L�1 ammonium formate solution in the
proportion 35:15:50, adjusted to pH 3.0 with formic acid.

Standards and Samples Stock and Working Solutions
ARP stock standard solution was prepared by weighing 25 mg of

ARP standard into a 25 mL amber volumetric flask followed by dilu-
tion with acetonitrile (final concentration 1000 mg mL�1). Prometha-
zine (IS) stock solution was prepared by dissolving 50 mg of
promethazine standard into a 25 mL amber volumetric flask with
purified water (final concentration 2000mg mL�1).

To prepare the stock sample solution, twenty tablets of Aristab�

containing 10 mg of ARP were accurately weighed and powdered
using a sterile mortar and pestle to obtain a fine powder. An appro-
priate amount of powder equivalent to 10 mg of ARP was transferred
into a 10 mL amber volumetric flask. The content was diluted with
6 mL of diluent, the mixture was sonicated for 10 min and then
diluted to volume with the same diluent, obtaining a final concentra-
tion of 1000mg mL�1 of ARP.

The standard and sample working solutions were prepared by
mixing 800 mL of IS stock solution (2000 mg mL�1) and 1000 mL of
ARP stock standard or sample solutions (1000 mg mL�1) and then
diluting with diluent into 10 mL amber volumetric flask. The final
concentration of ARP in both standard and sample working solutions
was 100 mg mL�1 and the final concentration of the IS was 160 mg
mL�1.

All standard and sample solutions were filtered through a 0.45
mm polytetrafluoroethylene (PTFE) membrane filter (Millex-GN,
Millipore Corp., Bedford, MA, USA) and stored in a refrigerator. Sam-
ple solutions demonstrated to be stable at least for 60 days at 4 °C.
Before using, they were kept out of the refrigerator until they reached
room temperature.

Background Electrolyte
A stock ammonium formate solution (100 mmol L�1) was pre-

pared, and then appropriate running electrolyte solutions were
obtained from this stock solution. The optimized BGE was composed
of ammonium formate 6 mmol L�1 at pH 3.0, adjusted with formic
acid, and 5% of methanol, which was prepared by mixing 6 mL of the
stock solution with 80 mL ultrapure water, followed by pH adjust-
ment to 3.0 with formic acid before the addition of 5 mL of methanol.
This solution was then transferred to a 100 mL volumetric flask and
the volume was completed with ultrapure water. BGE solutions were
filtered through a 0.45 mm polyvinylidene difluoride (PVDF) mem-
brane filter (Millipore Corp., Bedford, MA, USA) before analysis.

CE Conditions

The system was thermostated at 25 °C. The conditioning of a new
capillary was comprised of flushing NaOH 1.0 mol L�1 for 30 min,
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ultrapure water for 20 min, and then BGE for 30 min. On every work-
ing day, before running the first sample, the capillary was flushed
with NaOH 0.1 mol L�1 for 20 min, followed by ultrapure water for
20 min and then BGE for another 20 min. Between each run, the cap-
illary was flushed with NaOH 0.1 mol L�1 for 1 min, followed by ultra-
pure water for 1 min, and finally with BGE for 2 min. Injections were
performed in hydrodynamic mode at 0.4 psi for 5 s. The applied volt-
age for separation was 15 kV (positive polarity) with a BGE consisted
of 6 mmol L�1 ammonium formate, adjusted to pH 3.0 with formic
acid, and 5% of methanol. Signals were detected at 214 nm.

Forced Degradation Study

Forced degradation studies were carried out under hydrolytic
(acidic and alkaline), oxidative, photolytic, and thermal conditions as
per ICH Q1A(R2) recommendations2 by submitting ARP standard and
sample solutions of Aristab� for each forced degradation condition.
Acidic and alkaline hydrolysis were conducted in 0.1 mol L�1 of HCl
and NaOH, respectively at concentration of 1 mg mL�1 ARP. The solu-
tions remained at room temperature for 7 days and under light pro-
tection. After that, the solutions were neutralized.

Oxidative degradation was conducted in 3% H2O2, the samples
were left at room temperature for 7 days and protected from the
light. Separated sample of acidic, alkaline and oxidative solutions, as
above mentioned, were also exposed at 60 °C for 2 h.

Photolytic degradation was performed in a photostability cham-
ber by exposing the drug in solid state for 50 and 120 h. A period of
50 h was the minimum time to reach the light dosage of UVA (at least
200-watt hours per square meter) and visible light (at least 1.2 million
lux hours) according to the ICH guidelines.44 Thermal degradations
were carried out in a stove at 105 °C for 2 and 7 days.

After degradations, aliquot of IS stock solution was added to all
degraded solutions, then diluted with diluent to the final concentra-
tion of 100 mg mL�1 of ARP and 160 mg mL�1 of IS, as described in
Section 2.3.2.

Preliminary Study of Application of DoE During Oxidative Forced
Degradation

The solution where degradation had occurred was used for fur-
ther development method. CZE conditions for the separation of ARP
and its degradation products were investigated by varying the
applied voltage (10 − 25 kV), capillary temperature (20 − 30 °C),
hydrodynamic injection time (3 − 6 s), types and pH of BGE (ammo-
nium formate/formic acid and ammonium acetate/acetic acid buffers
(pH 2.2 − 3.5), BGE concentrations (5 − 25 mmol L�1) and the use of
an organic modifier (methanol) as component of the BGE.

Full factorial design (23) was used to optimize oxidative forced
degradation condition. The factors analyzed were BGE pH and con-
centration, and methanol (organic modifier). A set of preliminary
studies was performed to establish the low and high levels of each
factor. MATLAB� v. R2022a (The MathWorks, Natick, MA, USA) pro-
gram was used to obtain optimum BGE conditions.

Oxidative Degradation Optimization Study by DoE

Factors affecting ARP oxidation (hydrogen peroxide concentra-
tion, temperature, and time) were studied and optimized by a 2n full
factorial design to degrade the drug by 10%. Therefore, 1 mg mL�1 of
ARP was mixed with X1 % H2O2 and heated for X2 h at X3 °C. Two lev-
els were chosen for each variable. The high level (+1) for X1, X2 and
X3 was 20%, 5 h and 60 °C, respectively, whereas the low level (-1) for
X1, X2 and X3 was 10%, 2 h and 40 °C, respectively. Since three varia-
bles were considered at two levels, a 23 full factorial design was con-
ducted to set up eight experiments. Using Minitab� v. 20.3 (Minitab
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LLC., State College, PA, USA), a Pareto chart was evaluated to find the
critical factors. Therefore, contour plot graphics and the software pre-
diction tool were used to characterize the variables X1, X2 and X3.
Finally, experiments were performed using calculated theoretical val-
ues of X1, X2 and X3 to confirm whether the experimental % degrada-
tion matched the calculated one.

System Suitability

To ensure repeatability, system performance, and separation qual-
ity throughout the assay development, the system suitability test was
carried out by injecting six replicates of ARP (100 mg mL�1) and
promethazine (160 mg mL�1) used as IS. The evaluated parameters
were plate number, tailing factor, peak area ratio, ARP migration
time, and resolution between ARP and IS.

Method Validation

Selectivity/Specificity
The selectivity of the method was examined by subjecting the ARP

standard and Aristab� samples to different stress conditions as
described in Section 2.5. The peak purity of ARP was assessed with
the help of DAD. Potential interference from tablet additives was
assessed by subjecting the placebo to the same degradation condi-
tions as ARP samples. The placebo was prepared according to the
qualitative formula of Aristab� (lactose monohydrate, maize starch,
microcrystalline cellulose, hydroxypropyl cellulose, magnesium stea-
rate and red iron oxide). The quantity of each excipient was calcu-
lated taking into consideration the concentration percentage
described in handbooks of pharmaceutical excipients.45 The specific-
ity of the proposed method has been established by injecting the dil-
uent, placebo matrix solution, standard solution, and pharmaceutical
product (Aristab�) into the CE system.

Linearity, Detection Limit (DL) and Quantitation Limit (QL)
To determine the linearity of the CZE method, three analytical

curves containing five concentrations of ARP standard solutions in
the range of 60 mg mL�1 to 140 mg mL�1, and a fixed concentration
of IS (160 mg mL�1), were constructed. The analytical curves were
obtained by plotting peak area ratios (ARP peak area/IS peak area)
against ARP concentrations. The least square regression method and
analysis of variance (ANOVA) were used to determine the method’s
linearity (p-value = 0.05).

The values for DL and QL were calculated according to the follow-
ing equations: DL = 3.3 (s/a) and QL = 10 (s/a), where s is the stan-
dard deviation of the y-axis intercept and a corresponds to the mean
slope.46 The values were expressed as concentration (mg mL�1).

Accuracy
Accuracy of the proposed method was confirmed by spiking,

which consisted of spiking the placebo of the pharmaceutical product
(Aristab�) with ARP standard separately at three different levels 80,
100 and 120% of the nominal concentration (80, 100 and 120 mg
mL�1, respectively). Triplicate determinations of each level have been
recorded.

Precision
Repeatability and intermediate precision analysis were conducted

to evaluate the method precision. Repeatability was tested by assay-
ing six independent sample solutions, prepared as mentioned in Sec-
tion 2.3 using the P/ACE MDQ capillary electrophoresis instrument.
Intermediate precision was evaluated on an Agilent 7100 electropho-
resis instrument by analyzing another set of six sample solutions,
which were prepared by a different analyst on a different day. Stan-
dard solution of ARP (100 mg mL�1) and constant IS solution (160 mg
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mL�1) were used for the precision experiments. Precision was
expressed by the relative standard deviation percentage (RSD%) for
ARP content in the tablets.

Robustness
The most important parameters that influence the analytical per-

formance of this method were evaluated in the method optimization
as described in Section 2.3. However, other parameters that are likely
to be changed during analysis and consequently affect the method
performance were also studied. Slight changes of the optimal applied
voltage (§ 2 kV), capillary temperature (§ 1 °C) and hydrodynamic
injection time (§ 1 s) were evaluated. Peak area ratios of ARP/IS were
then compared for each altered condition with the reference optimal
condition.

Results and Discussion

Method Development

General Settings
Capillary electrophoresis technique has emerged as a powerful

analytical tool for rapid separation of analytes and overcomes many
of the drawbacks of HPLC.47 CE is considered an environment-
friendly alternative separation technique, and it has several advan-
tages such as the use of small volume of buffer solutions (approxi-
mately 10 to 100 nL per injection) compared to the HPLC method
which uses between 10 to 20 mL per injection, rather than hazardous
solvents and hence prevents organic waste generation and harmful
interferences. The silica fused capillary is long lasting due to resis-
tance to chemical attack, malleability and mechanical resistance,
these characteristics make it an economical method.43

Different parameters were studied and optimized to develop a
CZE method, mode of CE, for the separation of ARP from its degrada-
tion products after submitted to stress testing with acceptable resolu-
tion and short analysis time.

The main function of BGE is to provide the transport of electric
current for the separation of the analytes. The BGE should primarily
provide an appropriate migration of the analytes in a reasonable time
with no peak broadening and migration interferences.48 Thereby, the
most important parameters that affect the CZE method were investi-
gated to find the most suitable system and BGE for the determination
and separation of ARP and its degradation products taking into con-
sideration acceptable resolution and short analysis run time.

Aripiprazole is a weak base with pKa of 7.46, which corresponds to
the protonation equilibrium of the tertiary amine groups (piperidinic
group);49,50 therefore, at pH lower than pKa, the analyte is fully pro-
tonated and thus positively charged. This characteristic makes CZE a
suitable technique for ARP determination, considering that the ana-
lyte will migrate electrophoretically towards the cathode under the
influence of an electric field.

To maintain the ARP positively charged, an acidic BGE was used
during method development. Ammonium formate at 10 mmol L�1

concentration buffered at pH 3.0 with formic acid gave good results
regarding peak symmetry, which proves that the buffer co-ion has
similar mobility to the analyte and therefore this buffer system was
further investigated. A constant applied voltage of 15 kV, hydrody-
namic injection of 0.4 psi for 5 s, and temperature at 25 °C were ini-
tially established for the experiments. The migration time of ARP was
2.1 min (Fig. 2).

A variable to consider during method development is the detec-
tion wavelength. The UV spectrum of ARP standard solution exhibits
two maxima absorptions at 214 and 254 nm (Figs. 2A and 2B, respec-
tively). In order to assure maximum sensitivity and accuracy of the
method, 214 nm was selected. Figure 2C confirms that the analysis of
ARP in pH 3.0 at 214 renders a much higher signal-to-noise ratio
 of 255 



Figure 2. Method development for ARP: Selection of wavelength. UV absorption spectrum of ARP standard solution at 214 nm (A) and at 254 nm (B). Electropherograms of the ARP
standard solution (100 mg mL�1) and IS (160 mg mL�1) at 214 nm (C) and at 254 nm (D). ARP degraded with 10% H2O2 for 2 h at 60 °C (ARP 100 mg mL�1 and IS 160 mg mL�1) (E).
Conditions: uncoated silica-fused capillary (30.2 cm total length x 75 mm i.d.; electrolyte: 10 mmol L�1 ammonium formate/formic acid, pH 3.0; hydrodynamic injection: 0.4 psi/5
s; applied voltage: +15 kV; temperature: 25 °C. Peaks: Promethazine (IS), Aripiprazole (ARP), Electroosmotic Flow (EOF).
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than at 254 nm (Fig. 2D). In addition, samples of Aristab� tablet
matrix did not show interference at this wavelength (Fig. 6A). There-
fore, the wavelength of 214 nm was used in all experiments.

Another concern regarding method development was the selec-
tion of IS to improve precision. Several compounds such as risperi-
done, levomepromazine, chlorpromazine and promethazine were
tested as IS candidates. Promethazine (160 mg mL�1) was the most
suitable due to acceptable resolution with ARP and good absorbance
in the wavelength of the method. Complete separation of IS and ARP
was obtained with migration times of 1.85 min and 2.15 min, respec-
tively (Fig. 2C).

After ARP was submitted to hydrolytic (acid and alkaline), ther-
mal, oxidative, and photolytic conditions, no degradation products
were detected after hydrolytic, thermal, and photolytic conditions.
However, after oxidative (H2O2) stress, three peaks of ARP degradants
were observed (ODPs) (Fig. 2E). Therefore, the sample degraded in
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H2O2 was employed for further development and method optimiza-
tion by DoE.

From preliminary tests, when used a voltage of 15 kV, the
resolution and peak shape of the ODPs were compromised. The
greater the voltage, the shorter the migration time of ARP and
DPs, but resolution decreases. Through method development,
the most critical separation was observed between two degrada-
tion products in the H2O2-degraded sample in the time range of
2.0 − 2.5 min (Fig. 2E). Therefore, to improve the resolution of
this critical pair, a voltage of 12 kV was established for further
development.

The first step was to choose a suitable type and pH of the BGE. For
further potential use of the method with mass spectrometry, two vol-
atile electrolyte systems were evaluated: ammonium formate/formic
acid and ammonium acetate/acetic acid as buffer solutions, which
present adequate buffering capacity around pH 3.0. Both buffer
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solutions were evaluated at pH range from 2.2 to 3.5, and buffer con-
centrations from 5 to 25 mmol L�1. When ammonium acetate/acetic
acid buffer was used at concentrations and pHs above mentioned,
wide peaks of ARP and high current were observed. It is known that
the higher the salt concentration, the higher the viscosity and the
higher the current.

When ammonium formate/formic acid buffer in the pH range
from 2.2 to 3.0 (Fig. 3A) and concentration range from 5 to 10 mmol
L�1 (Fig. 3B) was used, improvement of the ARP peak shape, ODPs
and IS, as well as low current values (approximately 40 mA) were
observed. However, broader peaks of ARP and IS were observed
when the pH varied from 3.3 to 3.5 (Fig. 3A), probably due to the
lower solubility of ARP as the pH increases. In addition, it was
observed that resolution between ARP and their ODPs was compro-
mised from pH 2.2 to 2.5 (Fig. 3A). To improve the resolution between
ARP and ODPs, it was considered the use of methanol as a BGE
organic modifier. Tests using methanol concentrations higher than
5% showed a tendency to form wide peaks, as well as an increase in
migration time (Fig. not shown).
Figure 3. Electropherograms of effect of pH values (2.2 to 3.5) (A) and ammonium formate/f
ARP and oxidative degradation products. Sample: ARP degraded with 10% H2O2 for 2 h at 60
(30.2 cm total length x 75 mm i.d.); electrolyte: 10 mmol L�1 ammonium formate/formic a
detection at 214 nm. Peaks: Promethazine (IS), Aripiprazole (ARP), Degradation Product (DP)
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Method Optimization by DoE
During the preliminary experiments in the method development

for oxidative degradation, three factors were found to affect greatly
the CZE method performance, they are BGE pH (X1), BGE concentra-
tion (X2) and methanol used as organic modifier (X3). Therefore, a full
factorial design (23) was carried out for the optimization of electro-
phoretic conditions. The levels were chosen based on the preliminary
tests described in Section 3.1.1. The high levels (+1) for X1, X2 and X3

were 3.0, 10 mmol L�1 and 5%, respectively, and the low levels (-1)
for X1, X2 and X3 were 2.7, 5 mmol L�1 and 0%, respectively. Eight
experiments were performed in duplicate and subjected to evalua-
tion. Eight response factors were selected: resolutions between IS
and ODP1 (R1), ARP and ODP1 (R2), ARP and ODP2 (R3), and between
ODP2 and ODP3 (R4); tailing factors of IS (R5) and ARP (R6) peaks;
plate number calculated for the IS (R7) and ARP (R8) peaks. Optimum
BGE conditions were obtained by using the MATLAB� v. R2022a fit
linear regression model, in which it was set to obtain maximum reso-
lution values for R1, R2, R3, and R4, and a minimum value of 1.5. For
tailing factor responses (R5 and R6), it was set to obtain 1.0 value,
ormic acid concentration (5 to 25 mmol L�1) (B) on the peak shape and resolution of IS,
°C (ARP 100 mg mL�1 and IS 160 mg mL�1). Conditions: uncoated silica-fused capillary
cid; hydrodynamic injection: 0.4 psi/5 s; applied voltage: +12 kV; temperature: 25 °C;
.
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Figure 4. Response optimizer showing the optimum capillary zone electrophoresis
conditions.
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between the range of 0.9 to 1.6, while for the plate number (R7 and
R8), it was set to obtain the maximum possible values. The optimum
BGE conditions are shown in Fig. 4 (6 mmol L�1 ammonium formate/
formic acid buffer, pH 3.0 and 5% methanol).

The average of three determinations using the predicted condi-
tions from Minitab� v. 20.3 showed resolutions above 2.0 (R1 = 2.2,
R2 = 5.7, R3 = 5.5, R4 = 2.6), tailing factor near 1 (R5 = 1.05, R6 = 1.35)
and theoretical plates above 10000 (R7 = 18643, R8 = 24823).

The effect of voltage was also studied in the range of 10 to 25 kV,
and 15 kV was chosen as the optimum voltage due to short run time
(less than 4 min) and a low current obtained (23 mA) with no impact
of the CZE method performance. Therefore, optimized conditions
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were: BGE composed of 6 mmol L�1 ammonium formate buffered at
pH 3.0 with formic acid and 5% of methanol; +15 kV applied voltage;
hydrodynamic injection (0.4 psi for 5 s), detection wavelength at
214 nm and temperature at 25 °C.

Optimization of Oxidative Degradation Conditions by DoE
From forced degradation results, the oxidative stress with 3%

H2O2 for 2 h at 60 °C resulted in a 4.6% reduction in the ARP content
(Table 2).

The experimental design and all oxidative degradation experi-
ments performed by the factorial design are summarized in Table 3.
When the obtained results from oxidative degradation were sub-
jected to multiple regression, the following equation was obtained:

Y = -5.97 + 0.320 X1 + 0.1526 X2 − 2.02 X3 − 0.00348 X1X2 − 0.2530
X1X3 + 0.0728 X2X3 + 0.00580 X1X2X3
From the plot of the effect of factors’ interactions on % oxidative
degradation using multiple regression (Fig. 5), we can observe that
temperature (X3) was the most significant factor compared to the
time of exposure (X2) and H2O2 concentration (X1). Results showed
that all interactions between the factors were also significant. Opti-
mum conditions for 10% ARP degradation under oxidative degrada-
tion, indicated by the Minitab� v. 20.3 optimizer tool, suggested the
use of 10% H2O2 and heating at 50 °C for 3 h (Fig. 6D). These condi-
tions were adopted, and 11% ARP degradation was obtained. As ARP
is susceptible to oxidation in the piperazinic group, the oxidative test
gave rise to aripiprazole-1-N-oxide (Fig. 1C) and gave rise to aripipra-
zole 1,4-di-N-oxide (Fig. 1D).51 The predominant species could be ari-
piprazole-1-N-oxide, because the aliphatic amines (the �NH2 group
is attached to an alkyl group which is an electron donating group and
the lone pair of electrons on nitrogen are readily available) are more
reactive as compared to the aromatic amines (the �NH2 group is
attached to a �C6H5 group, which is an electron withdrawing group.
So, the availability of a lone pair of electrons on N is decreased).

Method Validation

System Suitability
To ensure the system was working correctly during all analyses, a

system suitability test was performed. The results for six replicates
showed that the parameters tested (migration time, resolution, tail-
ing factor, and plate numbers) were within the acceptable range.46

ARP and IS peaks were baseline resolved, with average migration
time of 3.06 min and 2.54 min, respectively; good resolution was
obtained (Rs > 5.0) between the peaks; the tailing factor for both ARP
and IS peaks never exceeded 1.4 indicating good peak symmetry
(acceptance limit is < 2). Average plate numbers were always >
10000. The proposed CZE method presented high sensitivity and ARP
can be detected accurately. Results are presented in Table 1.

Specificity/Selectivity and Forced Degradation Study
The specificity of the proposed CZE method was demonstrated by

the absence of interference among ARP and excipients in the pharma-
ceutical product (Aristab�).

To establish the stability indicating capacity of the method, forced
degradation studies were performed. For acidic, alkaline, oxidative,
photolytic, and thermal studies, the drug was first degraded by taking
intermediate stressor strength, temperature and time points. Results
are shown in Fig. 6 and summary of the conditions and quantitative
results are presented in Table 2. Results were calculated using a con-
trol in each degradation condition and expressed as % residual con-
tent for ARP.
 255 



Figure 5. Interaction plot of the effect of factors’ interactions on % oxidative degradation.

Figure 6. Electropherograms at the final capillary zone electrophoresis optimized con-
ditions. (A) Placebo sample of Aristab�; (B) Standard solution of ARP (100 mg mL�1)
and IS (160 mg mL�1) (without stress); (C) Sample of Aristab� (without stress); (D),
Aristab� sample under oxidative conditions (10% H2O2 at 50 °C for 3 h); (E) Aristab�

sample under acidic hydrolysis (0.1 mol L�1 HCl at 60 °C for 2 h); (F) Aristab� sample
under alkaline hydrolysis (0.1 mol L�1 NaOH at 60 °C for 2 h); (G) Aristab� sample
under thermal conditions (105 °C for 48 h) and (H) Aristab� sample under photolytic
conditions (UVA/visible light for 50 h). Conditions: uncoated silica-fused (30.2 cm total
length x 75 mm i.d.); electrolyte: 6 mmol L�1 ammonium formate/formic acid pH 3.0
with 5% of methanol; hydrodynamic injection: 0.4 psi/5 s; applied voltage: +15 kV;
temperature: 25 °C; detection at 214 nm. Peaks: Promethazine (IS), Aripiprazole (ARP),
Oxidative Degradation Product (ODP) 1, 2 and 3.
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The CZE results of these intermediate conditions, expressed in the
terms of percentage of total degradation, were used to select the
parameter levels of forced degradation for full factorial design.

DoE was only applied to oxidative condition. Whereas acidic, alka-
line, photolytic, and thermal conditions were excluded because the
sample exposed to these stress conditions and under the optimum
BGE did not show any degradation peaks (Figs. 6E, 6F, 6G and 6H,
respectively).

The oxidative stress in 3% H2O2 for 7 days at room temperature
and 2 h at 60 °C resulted in a 15% and 4.6% reduction in the ARP con-
tent, respectively (Table 2). Three peaks, after oxidative degradation
condition, were observed at 2.75 min (ODP1), 3.57 min (ODP2) and
3.77 min (ODP3) (Fig. 6D). The analyte peak had a purity higher than
99%, which suggested that there was no co-migration, and the
method was specific. The peak purity was verified by DAD. Moreover,
Aristab� tablet matrix samples, in all degradation conditions, did not
show any peak that might interfere or co-migrate with ARP (Fig. 6A).
Table 1
System suitability results (acceptance limits RSD% < 2).

MT Tailing factor N PAR Rs

IS ARP IS ARP IS ARP

Meana 2.544 3.060 0.817 1.321 11616 21618 1.583 5.466
Standard deviation 0.023 0.025 0.010 0.015 141.807 183.069 0.014 0.040
RSD% 1.018 0.828 1.213 1.101 1.221 0.847 0.906 0.733

MT: Migration Time, N: Efficiency (number of plates), PAR: Peak Area Ratio. Rs: Resolu-
tion, IS: Internal Standard, ARP: Aripiprazole.

a Mean of six replicates.

Table 2
Stress conditions used for forced degradation test and drug residual content under
each condition.

Degradation
type

Stressor Exposition time
with temperature

ARP residual
content (%) § SDa

Acid 0.1 mol L�1 HCl 7 days, room temp. 98.50 § 0.47
2 h, 60 °C 99.31 § 0.30

Alkaline 0.1 mol L�1 NaOH 7 days, room temp. 98.56 § 0.28
2 h, 60 °C 99.29 § 0.31

Oxidative 3% H2O2 7 days, room temp. 84.95 § 0.26
2 h, 60 °C 95.45 § 0.62

Thermal 105 °C 2 days 99.21 § 0.23
7 days 99.37 § 0.26

Photolytic UVA/visible light 50 h 99.62 § 0.25
120 h 99.49 § 0.19

ARP: Aripiprazole.
a n = 2 for each condition.
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Table 3
Experimental matrix of 23 factorial design for oxidative degradation.

Exp. Number Level of factor in experiment % Degradationa

X1 X2 X3

1 -1 -1 -1 3.31
2 +1 -1 -1 4.70
3 -1 +1 -1 5.37
4 +1 +1 -1 6.13
5 -1 -1 +1 10.90
6 +1 -1 +1 13.91
7 -1 +1 +1 20.81
8 +1 +1 +1 26.67
a n = 2 for each condition.

Table 4
Method validation regarding linearity and detection and quantitation limits by capil-
lary zone electrophoresis method.

Parameter ARP

Concentration range (mg mL�1) 60−140
Intercept (b) -0.4562
Slope (a) 0.0161
Determination coefficient (R2) 0.9983
Standard deviation of intercept (Sb) 0.0191
Standard deviation of slope (Sa) 0.0001
Significance F 2.14 £ 10�19

Detection Limit (mg mL�1) 3.92
Quantitation Limit (mg mL�1) 11.89

Analysis of Variance in the analytical curve of ARP

DF SS MS Fcal
Regression 1 3.12692698 3.12692698 7643.54
Residual 13 0.00531822 0.00040909
Total 14 3.13224520

DF: Degrees of Freedom, SS: Sum of Squares, MS: Mean Squares, ARP: Aripiprazole.
Fcritical, a = 0.05 = 4.67.

Figure 7. Residual plots graph for
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Linearity, Detection, and Quantitation Limits
Data obtained from plotting peak area ratios between ARP and

IS versus drug concentrations, in the range of 60 to 140 mg mL�1,
confirmed the linearity of the CZE proposed method, an adequate
coefficient of determination (R2 = 0.9983) was obtained (Table 4).
To verify the good fitting of the method, ANOVA was performed
at 95% significance level. The ANOVA allowed to evaluate the
method linearity and the validity of the linear regression. The
value obtained for the Fcalculated was higher than Fcritical (Fcalcu-
lated = 7643.54 > Fcritical = 4.67, a = 0.05) which indicate significant
difference between the values obtained from the analytical curves
that shows good linear relationship between peak areas and
drug’s concentrations.

The residual plot graphic shows that residuals are normally and
randomly distributed, besides, residuals are independent of each
other (Fig. 7). Therefore, the homoscedasticity assumption is satisfied
indicating a good fit for the linear model.

The detection and quantitation limits were calculated using the
regression parameters, slope, and standard deviation of the intercept.
Small values of DL and QL are showed in Table 4 indicating good sen-
sitivity of the proposed CZE method.
Accuracy
The accuracy of the proposed CZE method was evaluated by

determining the percentage recovery of ARP standard added to
the placebo in triplicate experiments at three different levels (80,
100 and 120%). The closeness of the found values compared to
the theoretical concentrations at different levels proved the true-
ness/accuracy of the proposed method. According to the accept-
able recovery range from 98 to 102% suggested by the
Association of Official Analytical Chemists (AOAC) guideline,52 the
results were excellent with an average recovery of 100.93 §
0.77% (Table 5).
the linear regression model.
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Table 5
Recovery and precision data for determination of ARP by the proposed capillary zone electrophoresis method.

Recovery

Theoretical concentration (mg mL�1) Concentration founda (mg mL�1) Recovery (% § SD)a RSD% Mean Recovery (% § SD)b

80 80.93 101.17 § 0.43 0.42 100.93 § 0.77
100 101.03 101.03 § 0.43 0.42
120 120.72 100.60 § 1.10 1.09

Precision

Concentration
(mg mL�1)

Intra-day

Mean recoveryc (mg mL�1) SD RSD%
100 99.29 0.09 0.88

Inter-day

Mean recoveryd (mg mL�1) SD RSD%
100 99.49 0.13 1.29

SD: Standard Deviation, RSD: Relative Standard Deviation.
a Mean of three replicates.
b Mean of all recovery levels (n = 9).
c Mean of six determinations and one analyst.
d Mean of twelve determinations and two analysts.

Table 6
Robustness results for drug quantification (acceptance limit RSD% < 2).

Condition Peak area ratio (ARP/IS)

Meana RSD%

Applied voltage (kV)
13 1.5490 1.36
15 1.5738 1.18
17 1.5541 1.34

Capillary temperature (°C)
24 1.5841 0.26
25 1.5883 0.16
26 1.5745 1.01

Injection time (s)
4 1.5756 1.53
5 1.5636 0.83
6 1.5471 0.97

ARP: Aripiprazole, IS: Internal Standard, RSD: Relative Standard Deviation kV: kiloVolt.
a Average of three determinations.
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Precision
The precision was evaluated in terms of repeatability (intra-day)

and intermediate precision (inter-day). The RSD% for intra- and inter-
day precision were 0.88 and 1.29, respectively. Both repeatability and
intermediate precision results showed low RSD% values (< 2%), con-
firming that the proposed CZE method is precise. Results are pre-
sented in Table 5.

Robustness
No significant effects were observed upon applying small deliber-

ately changes in the electrophoretic conditions (applied voltage, cap-
illary temperature, or hydrodynamic injection time). The results are
shown in Table 6, the RSDs% in all cases were less than 2%, which
ensures the robustness of the proposed CZE method.

Application

The developed CZE method was applied for the analysis of ARP in
its pharmaceutical preparation (Aristab� tablets). The assay of ARP in
commercial formulations indicated a mean value of 9.95 § 0.13 mg/tab
(99.5%, RSD% = 1.3), which is in good agreement with the label claim
for ARP tablets (Table 5). The results were found to be satisfactory, and
they are within tolerance limits (95 − 105% label claim).3 Therefore,
the results successfully demonstrated that the proposed CZE method
was suitable for the determination of aripiprazole in tablets.
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Conclusion

A new environmentally friendly stability indicating capillary zone
electrophoretic method for the determination of ARP in pharmaceuti-
cal formulations was developed and validated. In this study, ARP was
subjected to stress studies in accordance with the ICH guidelines.
Acidic and alkaline hydrolysis, photolytic and thermal conditions did
not promote any ARP degradation that could be visualized by the pro-
posed method. The drug underwent extensive degradation under oxi-
dative stress. DoE optimization approach-based development method
was capable to determine ARP in the presence of its degradation prod-
ucts, after oxidative stress. To date, this is the first stability indicating
CZE method concerning the quantification of ARP in the presence of
its degradation products. The proposed method achieves satisfactory
separation of ARP from the degradation products. Statistical analysis of
the results showed that the method was linear, precise, accurate and
robust. The precision and accuracy indicated the high method quality;
the robustness results indicated the wide method applicability. No
interference from any components of pharmaceutical dosage form or
degradation products was observed. The CZE method is simple, easily
implemented and possibly has many advantages over conventional
chromatographic methods, including reduction in the use of organic
solvents, small sample volume, and increased efficiency and resolution.
For example, we utilized 5% of methanol (approximately 6.25 mL) for
the analysis of ARP in 5 min of total run time compared to HPLC
method (approximately 250 mL) at the same condition in one week.
Therefore, this new method leads to a feasible, cost-effective, and rapid
method that can be successfully applied for routine quality control
analysis of ARP in pharmaceutical preparations in the presence of its
degradation products.
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Abstract 

Objective: The study aims to develop and validate an analytical method for the quantitative 

determination of risperidone in pharmaceutical formulations (tablets) by applying the high-

performance liquid chromatography (HPLC) technique. 

Materials and methods: The analysis was performed using an HPLC. The methodology was 

developed on the selected technique based on the physicochemical properties of the molecule 

and the method was optimized with literature recommended data. The statistical analysis was 

applied to validate the following parameters including specificity, linearity, range or interval, 

precision, accuracy and robustness; which was carried out according to the internationally 

accepted guidelines. 

Results: The risperidone concentration was 30 µg mL-1 using the mobile phase as a diluent, 

consisting of pH 3.0 buffer with 0.5% triethylamine:methanol (55:45), the flow rate was 1.5 

mL min-1, oven temperature of 25 °C, injection of 30 µL, UV detection at 235 nm wavelength 

and Chromolit Performance RP-18e chromatographic column (100 mm x 4.6 mm), with run 

time set at 6 minutes. The validation of the methodology proved that the method is specific for 

risperidone, with no interfering peaks being detected in the retention time; linear with a 

coefficient of determination R2 greater than 0.99; with the recovery for each of the solutions 

between 98.0% and 102.0%; accurate with the relative standard deviation (RSD) of the results 

between the 6 solutions equivalent to 100%, less than 2.0% and robust, due to the RSD of the 

contents between the three samples, for each of the flow conditions, temperature and proportion 

of mobile phase, present a value below 5%. The concentration range defined for the method 

was 80% to 120% because the acceptance criteria for linearity, accuracy and precision were 

met in this range. 
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Conclusion: This method was properly validated, meeting the requirements for the product, 

being safe and consistent for the intended purpose, and can be used for routine batch control 

and stability, as it follows all the requirements established by current legislation mentioned in 

the methods section. 

Keywords 

Antipsychotic, Risperidone, HPLC, Tablets  
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Introduction 

Risperidone (RSP) is a second-generation atypical antipsychotic agent of the benzisoxazole 

group used for the treatment of schizophrenia and the acute manic phase of bipolar disorder 

[1]. After oral administration, RSP is completely absorbed from the gastrointestinal tract and 

undergoes hydroxylation to yield paliperidone (9-hydroxyrisperidone), an active metabolite 

that has a pharmacologic profile and potency similar to RSP [2]. The primary action of 

risperidone is to decrease dopaminergic and serotonergic pathway activity in the brain, 

therefore decreasing symptoms of schizophrenia and mood disorders. It has a high binding 

affinity for serotonergic 5-HT2A receptors when compared to dopaminergic D2 receptors in the 

brain [3,4]. 

Schizophrenia is a chronic psychiatric disorder with a heterogeneous genetic and 

neurobiological background and a significant negative impact on patient(s) quality of life, 

associated with high costs resulting from long-term treatments and special demands on health 

services, family attendants and caregivers [5]. Considering the prevalence of schizophrenia, 

around 1% of the population is at risk (15-45 years) [6]. It is assumed that there are at least one 

million schizophrenic patients within Brazil, and of these, approximately 300,000 are 

refractory [7]. 

The warning issued by ANVISA highlighted an increased risk of ischemic stroke in elderly 

patients who use this medication [8–10]. Also, there are documented reports of its relationship 

with Pisa syndrome due to high doses of risperidone [11–13]. To date, all analytical methods 

described in the literature for the determination of risperidone in biological fluids involve 

HPLC [14–21], gas chromatography [22], capillary electrophoresis [23], hyphenated 

techniques and liquid chromatography-mass spectrometry [24–28]. Some of these techniques 

require solid-phase extraction to prepare the sample which makes it difficult to use them for 

daily analyses, so simple and more optimized methods are needed for routine analyses. 

To achieve this objective, analytical methods must be carefully developed and validated, as it 

ensures that the analysis performed provide reliable results depending on the method or 

procedure used. This work will be aimed at the development and validation of the method for 

the quantification of risperidone in pharmaceutical formulations (tablet) using the HPLC 

technique according to the criteria established by the official bodies: United States 

Pharmacopoeia [29], International Conference on Harmonization [30] and ANVISA 
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concerning reproducibility, specificity, linearity, range, detection limit, quantification limit, 

precision, accuracy, and robustness. Hence, this method can be used in Quality Control 

Laboratories for content analysis, content uniformity in activities involving batch release for 

commercialization as well as stability studies. Hence in the present work, we developed a 

simple, precise, accurate, selective and robust liquid chromatographic method for the 

determination of risperidone in a pharmaceutical dosage form as an alternative. 

Materials and methods 

Instrumention 

The experimental analyses were carried out by using Shimadzu® HPLC system (Shimadzu 

Corporation, Kyoto, Japan). The equipment was composed of Workstation Class-VP ver. 6.14 

software (SCL-10Avp system controller); automatic injector (SIL-10ADvp); solvent pumping 

system (LC-10ADvp); online degassing system (DGU-14A); temperature control oven (CTO-

10AC); and UV/Vis photodiode array detector (SPD-M10Avp).  

Chromatographic conditions 

The separation was performed on a Chromolith® Performance RP-18 endcapped (100 mm x 

4.6 mm i.d., 2 µm particle size) (Merck, Sao Paulo, Brazil). 

Reagents, chemicals and sample 

The active pharmaceutical ingredient risperidone was donated by local pharmaceutical industry 

(Sao Paulo, Brazil). Film-coated tablet Risperidone 2 mg was procured from local community 

pharmacy (Sao Paulo, Brazil). Analytical grade methanol, triethylamine, and o-phosphoric acid 

were purchased from (Merck, Sao Paulo, Brazil), while deionized water was obtained from 

Milli-Q® ultrapure purification system (Millipore Corp., Bedford, MA, USA). 

Placebo was composed of croscarmellose sodium (1.5%), silicon dioxide (1.0%), monohydrate 

lactose (55%), magnesium stearate (1.0%), hypromellose (5.5%), microcrystalline cellulose 

(34.5%), titanium dioxide (0.17%), macrogol (1.3%), Food, Drugs and Cosmetics Yellow No. 

6 aluminum lake (0.03%). All the excipients were also donated by local pharmaceutical 

industry (Sao Paulo, Brazil). 
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This technique was chosen due to the solubility of risperidone in moderately polar solvents and 

the detection by ultraviolet (UV) light beam based on the fact that risperidone has conjugated 

double bonds and, therefore, absorbance in the UV region (Figure 1(a)). The stationary phase 

was chosen to retain the active pharmaceutical ingredient in the column and have an affinity 

for it, reproducing a method with a capacity factor greater than or equal to 0.5. The column 

initially used was a Synergi Hydro C18 80-Â 100mm x 4.6mm 4µm, which in addition to 

having octadecyl chains also has polar groups (Figure 1(b)), which contributes to the retention 

of risperidone, which also has a non-polar structure with some polar groups (Figure 1(a)). 

The choice of using a buffer with a determined pH was based on the fact that it provides greater 

stability to the method with minimal variations in retention time, as the buffer guarantees a 

stable conformation to the molecule (either ionic or molecular form). The pKa of risperidone 

is 8.63 [31] which demonstrates its basic character, with a defined pH of 3.0 guaranteeing the 

molecule in its ionic form. The initial proportion of buffer was 45% and methanol 55% with 

isocratic elution, and an initial working flow of 0.8 mL min-1 in an attempt to provide greater 

interaction between the molecule and the stationary phase. The oven temperature was 25 °C, 

thus opting for not being a preponderant factor for the retention of the molecule. The 

wavelength was adjusted at 235 nm because it presents a considerably good absorption region 

with an adequate signal amplitude to reduce response variations. 

Water is always the first-choice solvent due to its very low elution power compared to the 

mobile phase for reverse-phase techniques. Due to the low solubility of risperidone in water, 

the extraction solvent initially chosen was the mobile phase itself. The risperidone 

concentration was 30 µg mL-1  for both the standard and the sample. Calibration of the system 

for quantification of risperidone was by external calibration and performance indices were 

extracted at each step of the development to assess the improvement of the method. 

Stability of analytical solutions 

The sample solution prepared at intermediate precision was used. This solution was kept in the 

lab at room temperature and injected again after 24 h of preparation. 

Specificity 

The sample and placebo were subjected to forced degradation conditions including 

temperature, light, humidity, oxidation, acidic and basic hydrolysis. 
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Also to assess whether any degradation compound interfered in the quantification of the 

compound of interest. Interference in the chromatogram was evaluated through visual analysis 

and content results in each degradation condition, as well as the appearance of possible 

degradation products from the sample and the interferences of these degradation peaks with the 

peak of interest. 

The sample solution was subjected to conditions of forced degradation for 24 h and then 

prepared according to the analytical method. Solutions with a placebo subjected to the same 

conditions as the samples were also prepared to assess the interference of any peaks (from the 

placebo) with the peak of interest. In parallel, it was prepared from the linearity test placebo 

contaminated with a standard to assess its recovery under normal conditions. 

Preparation of stock standard and working solutions 

The risperidone stock standard solution was prepared in mobile phase (name) to obtain the 

concentration of 300 µg mL-1. To prepare working solution, 1 mL of stock standard solution 

was transferred into 10 mL amber volumetric flask and the volume was completed with the 

same solvent. The solution was sonicated for 3 mins and filtered (name) before being used. 

The risperione final concentration of 30 µg mL-1 was obtained. 

Preparation of stock sample solution 

Placebo stock solution 

1524.20 mg of the placebo was weighed in a 100 mL volumetric flask. About 25 mL of mobile 

phase was added and dissolved in ultrasound for 15 min. The volume was made up with the 

mobile phase and then homogenized. 

Dilution 

An automatic micropipette was used to transfer each aliquot of the risperidone stock solution 

to a 50 mL amber volumetric flask as shown in Table 2. Three solutions of each concentration 

were prepared. The volume of each volumetric flask was made up of a mobile phase and the 

solutions were filtered with a Millex HV 0.45 µm filter (Millipore). 

Linearity 
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Solutions of five concentrations corresponding to 80%, 90%, 100%, 110% and 120% of the 

theoretical active concentrations were prepared, with three solutions of each concentration. 

Each solution was injected, in ascending order of the active concentrations. The result obtained 

in this step was used to check the accuracy and range of this method. 

Accuracy 

Accuracy was established within the range of the analytical procedure and expresses the 

distance between an obtained value and the theoretical value, i.e., the recovery of a method, its 

systematic error or trend was evaluated, which corresponds to the difference between the added 

value and the obtained value, analyzing solutions prepared from the already mentioned 

concentration of the sample. The results of the 80%, 100% and 120% concentration solutions 

analyzed in the linearity step were used to verify the accuracy of the analysis method. 

Range 

It was demonstrated that the analysis method has an appropriate precision, accuracy and 

linearity in the range of 80% to 120% (inclusive) of the active sample concentration. 

Robustness 

The ability of the method to remain unaffected by small variations was evaluated, thus 

obtaining an indication of its reliability during its normal use. Robustness testing is used to 

identify critical method parameters. This involves making deliberate variations on the method 

parameters and investigating the effect of the result. In this case, we changed the parameters 

by ±5% to what was defined in the development and we verified if the result variation was 

greater than 5%, which could be considered critical for the robustness of the method. It was 

verified whether there was variation in the results by changing the oven temperature by ± 

1.25°C; flow by  5%; in addition, the percentage of methanol in the mobile phase by ±5%. 

Repeatability 

Repeatability evaluated whether the operating conditions of the system remain adequate under 

the reading of different replicates. Experimentally, it was obtained through the consecutive 

injection of six samples at the level of 100% of the target concentration. The evaluation of the 

mean values and RSD were analyzed. Six different samples from the same batch were prepared 
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and analyzed with a concentration equivalent to 100% of the established range for this 

analytical method. The result was expressed in RSD and used in the intermediate precision test. 

Intermediate Precision 

Two analysts analyzed the same sample from the same batch, six times for content, using the 

same equipment on different days. Each analyst prepared their sample and mobile phase 

solutions. Each analyst prepared six sample solutions for the Intermediate precision study. The 

analyzes performed in the repeatability test were used for the intermediate precision test, 

reproducing the standard deviation between the means of the results of each one. 

Results and discussion 

a) System 1 

In the initial working condition, risperidone eluted in 3.55 min (Figure 2(a)), which represented 

a previous definition of the chromatographic conditions, and then we proceed with the method 

optimization step. The peak of interest presented with a large base width and posterior tail, this 

can occur when there is a strong interaction of the substance with the stationary phase and that 

sometimes is not necessary for its retention in an adequate time. The tail factor presented was 

2.254, out of the recommended literature, which advises it to be 0.9 – 1.5 

[32]. The triethylamine plays an important role in minimizing the tail of the peak, as to interact 

with the silanol groups of the column hampers dispersion of the sample. 

b) System 2 

There was an increase in the proportion of methanol to 45% and in the flow to 1.5 mL min-1, it 

was expected a reduction in the retention time, but what happened was an increase to 1.919 

min, in addition there was an increase in the buffer, the triethylamine concentration was 

increased to 0.5%, which provided better peak symmetry (Figure 2(d)). From the observed 

data, we can see that the substance has greater affinity for the buffer than for methanol, because 

by increasing the proportion of methanol to 45%, we decreased the proportion of buffer to 55%, 

which increased the elution time of risperidone, even with increased flow. The tail factor was 

1.492(<1.5), theoretical plates>2000 and K' of 2.392. 

c) System 3 
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The methanol ratio was reduced to 45%, so the peak elution was expected to be delayed and 

its width increased (Figure 3(a)), then the oven temperature was increased to verify the effect 

on improving column efficiency. The configuration was not acceptable, as the performance 

parameters worsened, tail factor is 2.118, theoretical plates < 2000. 

d) System 4 

There was a reduction in flow to 0.9 mL min-1, with improvement in symmetry and an increase 

in retention time to 2.991 min (Figure 3(b)). This configuration provided an improvement in 

peak symmetry with a tail factor of 1.838, but still according to the literature recommendations 

[32], and theoretical plates of 2193. 

e) System 5 

The column was replaced by a normal C18, without polar groups, in this case a Chromolith® 

Performance RP – 18e (Figure 1(c)), with a reduction in the proportion of methanol to 50% 

and an increase in flow to 1.0 mL min-1. We promptly obtained an improvement in peak 

symmetry with a reduction in the tail and base width, with a tail factor of 1.865 and also 

contributing to the increase in amplitude (Figure 3(c)), this is due to the absence of the polar 

interaction that existed with the previous column. 

f) System 6 

In this test, the furnace temperature returned to 25°C, as no improvement was observed with 

its increase, the proportion of methanol was reduced to 30% and the flow rate increased to 1.2 

mL min-1. The retention time was very close to the dead volume of the column, presenting a K' 

(capacity factor) of 0.916 (Figure 3(d)). In addition to the impracticality of the retention time, 

symmetry worsened and theoretical plates worsened, with a value of 642, lower than 

recommended in the literature (≥2000) [32]. 

At this stage of development, the chromatographic conditions and methodology were defined, 

as all performance parameters were met, signal amplitude and retention time were adequate, 

and the running time could be set at 6 minutes. From this moment on, work continued on the 

validation of the method. Below are the results of each of the steps of the validation of the 

risperidone content analysis method by HPLC (finished product). 

Analytical curve and system adequacy 
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The generated calibration curve and the reproducibility of the system were verified during the 

execution of the analysis in each of the validation steps. For all steps, the acceptance criteria 

were met and mentioned in Table 3. 

Determination of post time 

The sample solution was injected into the chromatograph and the flow was maintained for 60 

min. The retention time was around 2 minutes for the risperidone peak. As after the elution of 

the risperidone peak, the elution of other peaks that could interfere with subsequent injections is 

not observed, it was established with a run time of 6 minutes, which was sufficient time for the 

elution of all peaks that could interfere with subsequent elution and for the signal to return to 

baseline. 

Stability of analytical solutions 

The stability study of the solutions aims to determine whether the compound of interest remains 

stable in the sample solution at room temperature under the lab's analysis conditions for a 

period of 24 hours. The Sample 1 solution was prepared in the intermediate precision analysis 

step 1. Table 4 presents the results obtained for the stability of the analytical solutions: 

Specificity 

This method is specific for the determination of Risperidone at the determined wavelength (235 

nm), free from the interference of signals from other substances present in solvents used for 

the preparation of standard and sample solutions, was verified. In addition, when analyzing the 

sample under conditions of acid, basic, oxidative, light, humidity and temperature stress for 24 

hours, it was possible to visually verify, through the chromatograms below (Figure 2 (b-c)), 

that there was no formation of degradation products that co-eluted with risperidone, showing 

that the method is specific for the determination of risperidone even under stress conditions. 

Table 5 shows the results obtained for specificity. 

Additionally, a non-stressed placebo sample was injected, and no peak from the placebo that 

co-elutes with the retention time of risperidone was observed (Figure 2(e)). In addition, 

standard-contaminated placebo samples were prepared and injected into the accuracy 

test. Recovery within the range of 98-102% led us to conclude that placebo does not interfere 

with the quantification of risperidone. 
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Linearity 

Linearity aims to verify the proportionality between the concentration of the active substance 

and its response within a given range. Three solutions of each concentration corresponding to 

80%, 90%, 100%, 110% and 120% were prepared. Table 6 and Figure 1(c) present the results 

obtained for Linearity. It can be stated that the method is linear for quantification of risperidone, 

with a coefficient of determination of 0.9995, which is within the acceptance criteria (Table 7). 

Accuracy 

Accuracy assesses the method's recovery i.e. the systematic error or trend, which corresponds 

to the difference between the added value and the obtained value, by analyzing prepared 

solutions of known concentration. The results of the 80%, 100% and 120% concentration 

solutions analyzed in the linearity step were used to verify the accuracy of the analysis 

method. Table 8 shows the results obtained in accuracy. The recovery for each of the solutions 

must be between 98.0% to 102.0%, therefore the method is validated for the accuracy 

parameter. 

Range 

It was demonstrated that the test method has an appropriate level of precision, accuracy and 

linearity in the range of 80% to 120% (inclusive) of the concentration of the active in the 

solution, thus the acceptance criteria for linearity, accuracy and precision were met. 

Robustness 

To verify the robustness, the following analytical parameters were evaluated: a) oven 

temperature change by  1.25°C; b) flow change by  5%; and c) change in methanol 

proportion by  2.25%. Table 9 presents the results obtained in the method robustness. It can 

be considered that this method is robust for the conditions evaluated, as the relative standard 

deviation between the three injections were less than 5%. 

Repeatability 

The repetitive conditions of the analysis were evaluated, involving the activities of preparing 

the solutions by the same analyst and equipment, with the same sequence of injections. To 

verify the accuracy, the relative standard deviation between the 6 solutions were evaluated 
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(Table 10). The RSD obtained for the active at the 6 concentrations met the acceptance criteria 

(≤2%), proving the precision of the analytical method [33]. 

Intermediate Precision 

Structural variations intrinsic to the preparation procedure and their influence on the final result 

of the analytical process were analyzed. Two analysts analyzed the same sample from the same 

batch six times for grade, using the same equipment. Each analyst prepared their standard 

solutions and their sample solutions, in addition to the mobile phase. Analyst 1 was considered 

the one who performed all other validation steps and Analyst 2 was another analyst. Before 

analyst 2 performed the analysis, training was given by analyst 1, who highlighted the critical 

points of the method. Below are the results obtained for Precision – Intermediate Analysts 1 

and 2 (Table 10). 

The RSD for 12 analyzed samples was less than 2% and the absolute percentage difference 

between the means of the results of each analyst was also less than 2%. Hence, this shows the 

method reproducibility. This method is simple as compared to other methods, for example, 

which require the addition of reagents and more sample preparation steps [34,35]. In addition, 

UV detection system used is very common, accessible and low cost, others use more costly as 

well as complex detection methods [36]. Faster, more sensitive and affordable methods such 

as voltammetry and spectrophotometry have been developed and cited in papers [37,38], but 

techniques like the first is not always usual and familiar in rebladed laboratories and the 

pharmaceutical industry, and the second is not very specific as HPLC. 

There are currently developed methods employing thin layer chromatography technique 

followed by detection and quantification by densitometry [39,40], these in turn, can constitute 

a great advantage over HPLC, as the chromatographic interface made of silica is much lower 

cost compared to packed HPLC columns. During the literature search, methodologies were 

observed using the HPLC technique with the use of an internal standard in the system 

calibration [41]. Internal calibration is generally used to correct possible losses in the system 

by correcting the area of the substance of interest according to the loss, but the successful 

validation performed in this work consolidated the external calibration for quantification, thus 

eliminating the need for use of internal standards. 

Conclusion 
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After performing the tests and verifying the obtained results, it can be concluded that the 

method was properly validated, but some observations must be made. This method provides 

excellent applicability in laboratory routine, but it is important to know, in the routine, how 

long it is possible to postpone sample injections, in the "Stability of Analytical Solutions" test, 

it was proven that the samples do not have stability within 24 hours, therefore, more tests must 

be done in order to define the time that the samples remain with their concentration unchanged, 

being able to evaluate the result in times 6, 8, 10, 12, 16 hours after preparation. 

The defined running time makes it possible to quickly obtain the result, which makes it 

practical and usual in the routine analysis at pharmaceutical industries. However, it can be 

concluded that the validated method is consistent and meets the requirements for the product 

and is acceptable for routine batch control and drug stability studies for registration. 
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Figure 1: (a) Risperidone chemical structure. (b) Synergi Hydro C18 column stationary phase: 

C18 phase capped with polar groups that provide extreme hydrophobicity and strong polar 

selectivity, as well as good stability in aqueous mobile phases. Indicated for separations of 

weakly hydrophobic compounds. (c) Stationary phase of Chromolith® 

Performance RP – 18e column, surface schematic of monolithic silica particle with 18 carbon 

chains. 

 

Figure 2. (a)  Chromatogram for system 1. Conditions: mobile phase 55% methanol/45% 

water, containing 0.2% triethylamine and pH 3.0 adjusted with orthophosphoric acid; Synergi 

Hydro C18 column (100 mm x 4.6 mm, 4 µm); flow 0.8 mL min-1; (b) sample under stress 

conditions (c) placebo under stress conditions (d) system 2 (e) non-stressed placebo. 

(c) 
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Conditions: mobile phase 45%methanol:55%water, containing 0.5% triethylamine and pH 3.0 

adjusted with orthophosphoric acid; Chromolith® Performance RP – 18e column (100 mm x 

4.6 mm); 1.5 mL min-1 flow; risperidone concentration 30.00 µg mL-1 in mobile phase as 

diluent; detection at 235 nm and column temperature 25°C. 

 

Figure 3. Chromatogram. (a) system 3 (b) system 4. Conditions: mobile phase 

45%methanol:55%water (c) system 5. Conditions mobile phase: 50%methanol:50%water (d) 

system 6. Conditions mobile phase: 30%methanol:70%water; containing 0.2% triethylamine 

and pH 3.0 adjusted with orthophosphoric acid; Chromolith® Performance RP-

18e column (100 mm x 4.6 mm); flow rate (a-c) 1.0 mL min-1 (b) 0.9 mL min-1 (d) 1.2 mL min-

1; risperidone concentration 30.00 µg mL-1 in mobile phase as diluent; detection at 235 nm and 

column temperature (a-b) 31°C and (c-d) 25°C. 
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Figure 4. Analytical curve for risperidone. Concentration range 24.13 – 36.20 µg mL-1. 
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Table 1: Degradation conditions for specificity. 

Degradation Condition Matrix/Condition 

Temperature 60°C 

Acidic 0.1M HCl 

Basic 0.1M NaOH 

Oxidation 3% H2O2 

Moisture 75% RH 5% 

Light UV-B fluorescent 

Table 2: Preparation table for Linearity and Accuracy. 

Linearity/Accuracy 

 (%) 

Standard stock solution 

volume (mL) 

Flask volume 

for dilution 

(mL) 

Risperidone 

concentration 

(mg mL-1)  Risperidone Placebo 

Linearity 

80% 4.0 8.0 50.00 0.024 

90% 4,5 9.0 50.00 0.027 

100% 5.0 10.0 50.00 0.030 

110% 5.5 11.0 50.00 0.033 

120% 6.0 12.0 50.00 0.036 

Accuracy 

80% 4.0 8.0 50.00 0.024 

100% 5.0 10.0 50.00 0.030 

120% 6.0 12.0 50.00 0.036 

Table 3. Acceptance criteria. 

Validation 

Parameter 
Acceptance Criteria Results obtained 

Analytical 

curve and 

system 

adequacy 

The RSD of peak areas of risperidone in the five injections of 

standard solution 1 should be  2.0%. 

All criteria were met for 
all stages of validation. 

Recovery from standard solution 2 injection should be between 98.0% 

and 102.0%. 

The recovery of the injection of standard solution 1 at the end must be 

between 98.0% and 102.0%. 

The tail factor for the risperidone peak should be a maximum of 1.50. 

Column efficiency, determined by the risperidone peak, must be a 

minimum of 2000 theoretical plates.  

Tail Factor: 1.49 

Theoretical Plates: 2062 

Table 4. Stability of analytical solutions. 

Time Initial After 24 hours 

Anhydrous content (%) 1,917 2.109 

Recovery N/A 110.0% 
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Table 5. Results obtained for specificity. 

Solutions* Composition 
Retention 

Time (RT) 

Content 

(mg/comp) 

Solution 1 HCl Sample – 24 hours 1,857 1.86 

 Recovery -   93% 

Solution 2 NaOH Sample – 24 hours 1,859 1.80 

 Recovery -   90% 

Solution 3 H2O2 Sample – 0 hour 1,854 1.81 

 Recovery -    90.5% 

Solution 4 Sample 60°C 1,857 1.89 

 Recovery -     94.5% 

Solution 5 Light Sample 1,857 1.98 

 Recovery -   99% 

Solution 6 Moisture Sample 1,855 1.93 

 Recovery -    96.5% 

*Content of Normal Sample – Theoretical is 2.00 mg/comp. 

Table 6. Results obtained in linearity. 

Linearity 

(%) 

Power plug 

Test (mL) 

Risperidone Concentration (µg mL-1) 
Areas Average Areas 

Theoratical  Experimental 

80 4.0 24.13  

23.84 436264 

435242 23.78 434975 

23.75 434488 

90 4,5 27.15  

26.26 480500 

487269 26.77 489791 

26.86 491515 

100 5.0 30.17  

29.86 546340 

544263 29.80 545142 

29.59 541308 

110 5.5 33.18  

33.01 603897 

603773 33.01 603918 

33.00 603505 

120 6.0 36.20  

36.03 659190 

660427 36.14 661177 

36.12 660914 
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Table 7. Acceptance criteria and Statistical results obtained from the analytical curve of risperidone. 

Validation 

Parameter 
Acceptance Criteria Results obtained 

Linearity 

The correlation coefficient "r" must be 

greater than or equal to 0.99. 
R2 = 0.9995 

Visually, the graphics are presented 

like a straight line. 
Yes 

The slope and the intersection with the Y axis must 

also be reported. 

Angular Coefficient (a): 

18789451.70 

Y Intercept (b): - 20679.2 

 Table 8. Results obtained in accuracy. 

Accuracy 

(%) 

Power Plug 

Test (mL) 

Risperidone Concentration (µg mL-1) 

Areas  
Recovery 

(%) 

Recovery 

Average 

(%) 

RSD 

(%) 
Theoretical Experimental 

80 4.0 24.13  

23.84 436264 98.80% 

98.60% 0.2 23.78 434975 98.50% 

23.75 434488 98.40% 

100 5.0 30.17  

29.86 546340 99.00% 

98.60% 0.5 29.80 545142 98.80% 

29.60 541308 98.10% 

120 6.0 36.20  

36.33 659190 99.50% 

99.70% 0.2 36.14 661177 99.80% 

36.12 660914 99.80% 

Table 9. Method robustness. 

Condition Content 

Change in oven temperature by ± 1.25°C (± 5%) 

Oven temperature at -1.25°C (23.75°C) 2.12 

Original oven temperature (25°C) 2.12 

Oven temperature at +1.25°C (26.25°C) 2.13 

RSD 0.19% 

Change in mobile phase flow by ± 0.075 mL min-1 (± 5%) 

Mobile Phase Flow in minus 0.1 mL min-1 (0.9 mL min-1) 2.14 

Original Mobile Phase Flow (1.0 mL min-1) 2.11 

Mobile Phase Flow in plus 0.1 mL min-1 (1.1 mL min-1) 1.99 

RSD 3.66% 

Change in the proportion of methanol by ± 2.25% (±5%) 

Proportion of Methanol at 2.25% (42.75%) 2.08 

Proportion of original Methanol (45%) 2.10 

Proportion of Methanol by 2.25% (47.25%) 2.13 

RSD 1.16% 
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Table 10. Method accuracy and results obtained at intermediate precision. 

Precision 
Weight 

(mg) 
Risperidone area 

Risperidone 

content 

(mg/comp.) 

Average 

(%) 

RSD 

(%) 

Absolute 

Difference (%) 

Method accuracy 

Sample 1 306.8 524299 1.93 

1.91 0.93 N.A 

Sample 2 306.7 528156 1.90 

Sample 3 308.1 521097 1.89 

Sample 4 308.3 518817 1.89 

Sample 5 307.8 519474 1.92 

Sample 6 307.6 526975 1.93 

Intermediate precision 

Sample 1 306.8 524299 1.93 

1.92 1.11 1.05 

Sample 2 306.7 528156 1.90 

Sample 3 308.1 521097 1.89 

Sample 4 308.3 518817 1.89 

Sample 5 307.8 519474 1.92 

Sample 6 307.6 526975 1.93 

Sample 7 309.6 534908 1.94 

Sample 8 309.7 528882 1.92 

Sample 9 308.4 528313 1.92 

Sample 10 308.5 520936 1.89 

Sample 11 308.0 535276 1.95 

Sample 12 308.1 532855 1.94 
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ABSTRACT 

The chemical compounds of Brachyotum naudinii Triana flowers were analyzed by using 

UHPLC-MS/MS. Anthocyanin dry extract from flowers was obtained by accelerated solvent 

extraction using 70° ethanol acidified with citric acid at pH 3.18 and drying was carried out by 

spray drying. Preliminary toxicity of anthocyanin dry extract was evaluated on Artemia salina 

Leach and antioxidant capacity was measured by DPPH• and ABTS•+ radical scavenging 

methods, while FRAP iron complex was used to measure the reducing capacity. Results showed 

that flowers are composed of 39% tannins, 21% flavonol glycosides, 14% organic acids, 11% 

anthocyanins (new compounds), 7% coumaric acid derivatives, 4% polar lipids, and 4% 

disaccharides. Anthocyanin dry extract exhibited moderate toxicity against Artemia salina (LC50 

= 106.9 ± 9.9 µg mL-1) and showed inhibitory effects on DPPH• and ABTS•+ radical and 

reducing capacity of FRAP iron complex, although statistically different than Trolox (p < 0.05). 

Brachyotum naudinii flowers are a source of phenolic and new anthocyanin compounds, and 

anthocyanin dry extract has antioxidant potential. 

KEYWORDS 

Brachyotum naudinii Triana; endemic species of rocky outcrops; UHPLC-MS/MS; new 

bioactive compounds.  
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1. INTRODUCTION 

Brachyotum naudinii Triana is a species that belongs to the Melastomataceae family and grows 

in various regions of South America. Its purple and violet flowers are very showy [1,2] which 

apart from attracting pollinators, are a potential source for obtaining natural dyes [3]. This native 

species grows in the high Andean areas and has a high population density in the beds of rocky 

outcrops of Bosque de Piedras de Huaraca located at 3627 meters above sea level in Ayacucho 

region (Peru). 

Melastomataceae is the seventh-largest family of flowering plants. Among the main chemical 

constituents present in these flowers are terpenoids, simple phenolics, quinones, lignans, 

glycosides, wide range of tannins or polyphenols, mainly oligomers of hydrolysable tannins with 

molecular weights up to 4600 Da, some flavonoids and acylated anthocyanins [4]. 

The anthocyanins isolated from the flowers of Melastomataceae family species correspond to 

pelargonidin, cyanidin, peonidin, delphinidin, and malvidin glycosides [4]. In addition, the 

presence of malvidin derivatives has been reported in the flowers of the following species: 

Melastoma malabathricum, Tibouchina semidecandra, Tibouchina granulosa, and Tibouchina 

urvilleana [4]. 

Anthocyanins are secondary metabolites biosynthesized by plants as a defense and adaptation 

mechanism against ultraviolet radiation, therefore they have significant antioxidant, 

photoprotective, and coloring properties which make them suitable for cosmetic, coloring, and 

food industries to replace currently used synthetic compounds. Likewise, they can also be used 

as an alternative to potentially carcinogenic synthetic dyes [2]. 

The malvidin anthocyanin pigment gives violet-blue color to flowers, leaves, and aerial plant 

parts. Few human studies have been found with this molecule as compared to other 

anthocyanins. These studies demonstrated that malvidin has powerful antioxidant and 

photoprotective activities, and prevents the formation of some cancers, such as pancreatic, colon, 

and breast cancer [5,6]. 

Despite the fact that B. naudinii is a species with a high population density and its flowers are 

probably an important source of phenolic and anthocyanin compounds, no ethnobotanical or 
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biochemical studies have been reported. Chemical studies carried out on the Melastomataceae 

family support the hypothesis that B. naudinii flowers could contain antioxidant and 

photoprotective potential like malvidin. 

The evaluation of antioxidant activity by using colored stable free radicals, such as 2,2-

diphenyl-1-picrylhydrazyl (DPPH), 2,2´-azino-bis-(3-ethylbenzothiazoline-6-sulfonic acid) 

(ABTS), or ferric complex 2,4,6-tripyridyl-s-triazine (TPTZ), makes possible the preliminary 

classification of different plant species according to their antioxidant potential [7]. This activity 

is correlated proportionally with the content of phenolic compounds [7]. 

The bioassay against Artemia salina Leach allows cytotoxicity level evaluation of natural 

products [8,9], and guides the subsequent evaluation of biological activities taking into account 

the possible human health risk [10,11]. Besides, this bioassay can help to investigate the highly 

toxic extracts with potential use in the manufacturing of pest repellents and related products, 

especially in agribusiness [12,13]. 

Taking into account these considerations, the present study aimed to evaluate the chemical 

composition of B. naudinii flowers by using ultra-high performance liquid chromatography-

tandem mass spectrometry (UHPLC-MS/MS). It also aimed to evaluate preliminary toxicity 

against Artemia salina and in vitro antioxidant potential of anthocyanin dry extract. 

2. MATERIALS AND METHODS 

2.1. Collection of botanical material and taxonomical identification 

B. naudinii Triana flowers were collected in April from the rocky outcrops of Bosque de Piedras 

de Huaraca, located in the community of Huaraca in the populated center of Anchacchuasi 

(District Vinchos), Huamanga, Ayacucho, Peru. The geographical coordinates are 13°18'58.9" 

(South Latitude), 74°26'55.8" (West Longitude), and an altitude of 3627 meters above sea level. 

The taxonomical identification was carried out in Herbarium CPUN “Isidoro Sánchez Vega”, 

Universidad Nacional de Cajamarca (UNC), Cajamarca, Peru with deposit number 24656. 

2.2. Phytochemical screening by UHPLC-MS/MS of B. naudinii flowers 
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First, the flowers were dried by lyophilizer (Labotec, South Africa) operated at -42 °C and 0.013 

mbar for 72 h, then crushed in a porcelain mortar and stored in aluminum containers with 

hermetic closure. 

The chemical identification of flower components was carried out by using Dionex 

UltiMateTM 3000 UHPLC system coupled to Q ExactiveTM Plus Hybrid Quadrupole-OrbitrapTM 

Mass Spectrometer (Thermo Fisher Scientific GmbH, Germany) equipped with a heated 

electrospray probe. Separations were carried out on a Luna Omega C18 (150 mm × 2.1 mm, 1.6 

μm) column (Phenomenex, USA). The chromatographic conditions were: mobile phase A: water 

– 0.1% formic acid, and B: acetonitrile – 0.1% formic acid; gradient elusion: 90% A and 10% B 

(0 min), 90% A and 10% B (1 min), 100% B (16 min), 100% B (18 min), 90% A and 10% B (20 

min); flow rate: 0.3 mL min-1; injection volume: 3 μL and column temperature: 40 °C. The mass 

spectrometry range was 120 – 1500 m/z using microscan 1 (resolution 70,000; automatic gain 

control target: 1 × 106 and max ion time 100 ms) and microscan 2 (resolution 17,500; automatic 

gain control target: 2 × 105 and max ion time 50 ms). The electrospray ionization 

(negative/positive); voltage 2.5 / 3.0; capillary temperature 280 °C; carrier gas N2 (shroud flow 

40 and makeup flow 10); gas heating temperature 400 °C; S-lens radiofrequency level 100 and 

Normalized Collision Energy 20, 40 and 60 were selected. 

For the analysis, 50 mg lyophilized flowers were weighed and transferred into a 10 mL 

volumetric flask then the methanol-water solution (9:1) was added to complete the volume. The 

mixture was placed in an ultrasonic bath for 10 min. Then, pH 2 was adjusted with 50 μL of 

concentrated acetic acid. This mixture was filtered through a 0.25 μm polyvinylidene fluoride 

disc filter and injected into UHPLC instrument. 

2.3. Obtaining anthocyanin dry extract from B. naudinii flowers 

5 g freeze-dried flowers were weighed and mixed with 2.5 g diatomaceous earth. The mixture 

was conditioned in a 66 mL stainless steel extraction cell (equipped with a 27 mm cellulose 

filter) using DionexTM ASETM 150 Accelerated Solvent Extractor (Thermo Fisher Scientific, 

USA). The proposed method extraction conditions were: temperature 80 °C; static time 5 min; 

rinse volume 60%; purge time 120 sec; and three static cycles. The extraction was performed 

with 70° ethanol acidified with citric acid at pH 3.18 [14,15]. The extract was concentrated using 
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a R-3000® rotary evaporator (BÜCHI Labortechnik AG, Switzerland) at 50 °C, which was dried 

by spray drying using Mini Spray Dryer B-290 (BÜCHI Labortechnik AG, Switzerland) at 120 

°C inlet temperature, 5% pump and 100% suction [16]. The anthocyanin dry extract was stored 

in a desiccator at room temperature. 

2.4. Total phenolic content of anthocyanin dry extract from B. naudinii flowers  

The extract’s total phenolic content was quantified using Folin–Ciocâlteu reagent (1M; 99.5%; 

Merck KGaA; Germany) [17]. A dry extract solution was prepared at a concentration of 320 µg 

mL-1 in 70° ethanol. 100 µL of this solution was measured and 500 µL of Folin–Ciocâlteu 

reagent (1:10) and 400 µL of 7.5% Na2CO3 were added. After 30 min, the absorbance at 765 nm 

was performed using a GENESYSTM 150 UV-Vis spectrophotometer (Thermo Fisher Scientific, 

USA). Total phenolic content was calculated from the gallic acid standard curve (y = 0.010x + 

0.013; R2 = 0.996) and expressed in milligrams of gallic acid equivalent per gram of dry extract 

(mg GAE/g). 

2.5. Total anthocyanin content of anthocyanin dry extract from B. naudinii flowers 

Total anthocyanin content was quantified by pH-differential method [18]. Anthocyanin dry 

extract was dissolved in 70° ethanol to obtain 10 mg mL-1 solution. Further, two concentrations 

of 1 mg mL-1 were prepared in pH 1.0 and 4.5 buffer solutions in triplicate. The absorbance at 

520 and 720 nm was performed using respective buffer solutions as blank. Total anthocyanin 

content (mg/100g) was calculated, according to the following equation: 

Total anthocyanin content (mg 100g⁄ ) = [(A∗ × MW ∈ × l⁄ ) × (DF) × (Vs(mL) Ws(g)⁄ )] × 100 

where, A*: absorbance difference between two wavelengths; MW: molecular weight for 

cyanidin-3-glycoside (449.2 g mol-1); ∈: molar extinction coefficient for cyanidin-3-glycoside 

(26,900 L mol-1 cm-1); DF: dilution factor; l: path length (1 cm); Vs: sample volume; Ws: sample 

weight. 

2.6. Preliminary toxicity bioassay of anthocyanin dry extract from B. naudinii flowers 

The preliminary toxicity of anthocyanin dry extract was evaluated against crustacean Artemia 

salina larvae. 50 mg Artemia salina cysts were placed in an Erlenmeyer flask with 350 mL of 
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seawater (3.8 g / 100 mL) and incubated for 24 h at room temperature (20 – 25 °C). with 

artificial light and slow bubbling oxygen supply [19,20]. 

10,000 µg mL-1 dry extract solution was prepared by weighing 20 mg of anthocyanin dry 

extract and dissolved in 0.5 mL of dimethyl sulfoxide and 1.5 mL of distilled water. From this 

solution, aliquots of 500, 250, 50, and 5 µL were transferred into four vials by diluting with 

seawater to 5 mL and the final concentrations of 1000, 500, 100, and 10 µg mL-1 were obtained. 

Then 10 Artemia salina nauplii were transferred into each vial (in triplicate) and one yeast 

suspension drop (3 mg dry yeast / 5 mL seawater) was added as food. After 24 h, the survivor 

number of each dilution was counted and LC50 was calculated using Probits method [19,20]. 

2.7. Antioxidant capacity assay of anthocyanin dry extract from B. naudinii flowers 

2.7.1. Determination of antioxidant capacity by 2,2-diphenyl-1-picrylhydrazyl free radical 

(DPPH•) scavenging method 

DPPH• assay was performed as described by Sousa et al. [17] using DPPH reagent (95%; Alfa 

Aesar, Germany). Extract dilutions at concentrations from 25 to 250 µg mL-1 in 70° ethanol were 

prepared from 500 µg mL-1 solution. Aliquots of 300 µL of each solution were taken and 2.7 mL 

of DPPH solution (40 µg mL-1) was added. After 30 min, the absorbance at 515 nm was 

measured by calibrating the spectrophotometer with the blank (300 µL water and 2.7 mL DPPH). 

The percentages of DPPH• remaining (%DPPHREM) were calculated from the calibration curve of 

DPPH• prepared with concentrations from 1 to 40 µg mL-1 (y = 0.028x - 0.014; R2 = 0.9987), 

according to the following equation: 

%DPPHREM = [DPPHC DPHHC0⁄ ] × 100 

where, DPPHC: DPPH• concentration (µg mL-1) after the reaction with the extract and 

Trolox; DPPHC0: DPPH initial concentration (µg mL-1). 

EC50, the amount of antioxidant necessary to decrease the initial concentration of DPPH• by 

50%, was determined using the OriginPro version 8, from an exponential curve (y = -y0 + 

A.eR0.x) obtained from the values of the remaining DPPH• percentage as a function of extract 

concentration and was compared to 6-hydroxy-2,5,7,8-tetramethyl-chroman-2-carboxylic acid 

(Trolox 97%; Sigma-Aldrich Chemicals, Russia). 
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The antioxidant activity percentage was calculated by the following equation: 

Antioxidant activity (%) = [(Ac − (Am − Ab)) (Ac)⁄ ] × 100 

where, Ac: control absorbance; Am: extract and/or Trolox absorbance and Ab: blank 

absorbance. Extract and Trolox antioxidant activities were compared at the concentration of 100 

µg mL-1. 

2.7.2. Determination of antioxidant capacity by 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic 

acid) radical cation (ABTS•+) method 

ABTS•+ assay was performed as described by Rivas-Morales et al. [7] using ABTS reagent 

(98%; Alfa Aesar, USA). Extract dilutions at concentration from 25 to 250 µg mL-1 in 96° 

ethanol were prepared from 500 µg mL-1 solution. Aliquots of 20 µL of each dilution were taken 

then 980 µL of ABTS•+ radical solution were added, left to stand for 7 min and absorbance at 734 

nm was measured, calibrating the spectrophotometer with the blank (20 µL water, 980 µL 

ABTS•+ radical solution). 

The antioxidant activity percentage was calculated by the following equation: 

Antioxidant activity (%) = [(Ac − (Am − Ab)) (Ac)⁄ ] × 100 

where, Ac: control absorbance; Am: extract and/or Trolox absorbance, and Ab: blank 

absorbance. Extract and Trolox antioxidant activities were compared at the concentration of 100 

µg mL-1. 

EC50 was determined using OriginPro version 8, from a straight-line equation (y = bx + a), 

obtained from antioxidant activity (%) values as a function of extract concentration (µg mL-1) 

and compared with Trolox EC50. 

2.7.3. Determination of antioxidant capacity by ferric reducing antioxidant power (FRAP) 

method 

FRAP assay was performed as described by Rivas-Morales et al. [7] using FRAP reagent (≥ 

99.0%; Sigma-Aldrich Chemie GmbH, Switzerland). Extract dilutions at concentration from 25 

to 250 µg mL-1 in 96° ethanol were prepared from 500 µg mL-1 solution. Aliquots of 20 µL of 
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each dilution were taken then 980 µL of FRAP reagent was added and left to stand for 30 min 

and the absorbance was measured at 593 nm, calibrating the spectrophotometer with the blank 

(20 µL water, 980 µL FRAP reagent). 

The antioxidant activity percentage was calculated by the following equation: 

Antioxidant activity (%) = [(Ac − (Am − Ab)) (Ac)⁄ ] × 100 

where, Ac: control absorbance; Am: extract and/or Trolox absorbance, and Ab: blank 

absorbance. Extract and Trolox antioxidant activities were compared at the concentration of 100 

µg mL-1. 

EC50 was determined using the OriginPro version 8, from an exponential curve (y = -y0 + 

A.eR0.x), obtained from antioxidant activity (%) values as a function of extract concentration (µg 

mL-1) and compared with Trolox EC50. 

2.8. Statistical analysis 

The averages of total phenolic content, total anthocyanin content, antioxidant activity, EC50 and 

LC50 correspond to the average of three repetitions. Previously, Shapiro-Wilk normality and 

Levene homoscedasticity tests were performed. The comparison of means was evaluated using 

Student's t test for independent samples, analysis of variance and Tukey's multiple comparisons 

with 95% confidence interval. The analysis was carried out using the Statistical Package for 

Social Sciences (SPSS) version 28.0 (SPSS Inc., USA). 

3. RESULTS 

3.1. B. naudinii flowers chemical profile 

The positive and negative modes were used to obtain the ion masses and also each ion 

fractionation profile (Figure S1). The metabolite identification was performed by comparing the 

retention times and the spectral profiles of each mass detected. 

Twenty-eight compounds were identified from B. naudinii flowers, including phenolic 

compounds such as nilotinin M2, remurin B, galloyl pedunculagin, casuarinin, and pedunculagin. 
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In addition, three new anthocyanin compounds were identified which confirms B. naudinii 

flowers pigment correspond to anthocyanin (Table 1). 

The three new compounds 20, 21 and 23 have important MS-ESI-signals which confirm the 

abundance of these anthocyanins in B. naudinii flowers. The preliminary analysis indicates that it 

could be malvidin derivatives, and their chemical formulas are presented in Table 1. 

3.2. Content of total phenolic compounds and total anthocyanins in anthocyanin dry extract from 

B. naudinii flowers 

The anthocyanin dry extract from B. naudinii flowers has a moderate total phenolic content, 

which was calculated from a gallic acid calibration curve (y = 0.010x + 0.013; determination 

coefficient (R2) of 0.996). The anthocyanin content in the dry extract was also moderate (Table 

2). 

3.3. Preliminary toxicity bioanalysis of anthocyanin dry extract from B. naudinii flowers with 

Artemia salina 

There was no evidence of mortality while evaluating the bioassay of Artemia salina control, and 

it confirms that the diluent was appropriate. The median lethal concentration (LC50) value of 

anthocyanin dry extract was calculated by adjusting a logarithmic curve to the number of dead 

nauplii according to the Probits method [12,13] and the value corresponds to three repetitions 

and its standard error confirms the measurement precision (Table 3). 

3.4. Antioxidant activity of anthocyanin dry extract from B. naudinii flowers 

The antioxidant activity of anthocyanin dry extract from B. naudinii flowers was evaluated using 

DPPH•, ABTS•+, and FRAP methods (Table 2) and the percentages of antioxidant activity were 

statistically compared with Trolox at a concentration of 100 µg mL-1 (p < 0.05, Student's t test 

for independent samples). The percentage of antioxidant activity was statistically different than 

Trolox (p < 0.05), evaluated with three methods. 

The antioxidant activity was also expressed as median effective concentration (EC50), whose 

values are the result of the antioxidant activity evaluation at various extract concentrations which 

show better antioxidant potential (Figure 1 and Table S1). The EC50 value evaluated by DPPH, 
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ABTS and FRAP methods was compared with Trolox EC50 (p < 0.05, Student's t test for 

independent samples). In all three methods, EC50 was statistically higher than Trolox (p < 0.05), 

and it should be noted that the lower EC50, the greater the antioxidant activity. 
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Figure 1. Antioxidant activity of anthocyanin dry extract from B. naudinii flowers compared to 

Trolox as a function of concentration. Antioxidant activity expressed as percentage and median 

effective concentration (EC50). The broken red lines correspond to the interpolation for EC50 

calculation. 

The dry extract of anthocyanins from B. naudinii flowers’ antioxidant activity was also 

evaluated at concentrations from 25 to 250 µg mL-1 and compared with Trolox by DPPH•, 

ABTS•+, and FRAP methods (Figure 1). 

Using DPPH• method, the extract and Trolox antioxidant activity as a function of 

concentration fits an exponential curve (y = -y0 + A.eR0.x), with R2 of 0.989 and 0.946, 

respectively (Figure 1D), and EC50 was calculated that found statistically different (p < 0.05; 

Student's t test for independent samples). The extract antioxidant activity at 250 µg mL-1 was 

statistically similar to Trolox at concentrations of 100, 150, 200 and 250 µg mL-1 (p > 0.05; 

Tukey's multiple comparison test) (Figure 1A). Trolox at the concentration ≥ 100 µg mL-1 

showed > 95% antioxidant activity, hence 100 µg mL-1 was the most appropriate concentration to 

compare with the extract (Figure 1A and Table S1). Therefore, it can be concluded that Trolox 

has approximately 2.5 times more antioxidant potential than the extract. 

Using ABTS•+ method, the extract and Trolox antioxidant activity as a function of 

concentration is adjusted to a straight-line equation (y = b.x + a), with R2 of 0.994 and 0.966, 

respectively (Figure 1E). The extract and Trolox EC50 values were statistically different (p < 

0.05; Student's t test for independent samples). The extract antioxidant activity percentage at 

concentrations from 25 to 250 µg mL-1 was statistically lower than Trolox (p < 0.05; Tukey's 

multiple comparison test) (Figure 1B). 

Using FRAP method, the extract and Trolox antioxidant activity as a function of 

concentration fit an exponential curve (y = y0 + A.eR0.x), with R2 of 0.988 and 0.978, respectively 

(Figure 1F). The extract and Trolox EC50 values were statistically different (p < 0.05; Student's t 

test for independent samples). The extract antioxidant activities at 150, 200 and 250 µg mL-1 

were statistically similar to Trolox (p < 0.05; Tukey's multiple comparison test). Therefore, it can 

be concluded that Trolox has approximately 2.1 times more antioxidant potential than the extract. 

4. DISCUSSION 
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According to the analysis, B. naudinii Triana flowers are composed of 39% tannins, 21% 

flavonol glycosides, 14% organic acids, 11% anthocyanins, 7% coumaric acid derivatives, 4% 

polar lipids, and 4% disaccharides. In genus Brachyotum, the presence of phenolic compounds, 

flavonoids, and anthocyanins with antioxidant and photoprotective activities has been reported as 

well as triterpenes, corosolic acid and ursolic acid with activity against Plasmodium [21]. 

Melastomataceae family biosynthesizes a wide variety of phenolic compounds, flavonoids, 

anthocyanins, tannins, and triterpenes, with antioxidant, antimicrobial, and antitumor activities 

[3,4]. The phenols nilotinin and remurin were identified from Tamarix nilotica leaves [22], while 

galloyl pedunculagin was identified from Terminalia calamansanai leaves. Casuarinin was 

identified from Terminalia catappa Linn bark, Terminalia chebula Retz fruit, and Terminalia 

arjuna Linn bark; while pedunculagin was identified from Terminalia chebula Retz. fruit [23]. 

Identification of anthocyanins by mass spectrometry is generally performed in positive mode 

since these molecules are easily protonatable at acidic pH [24,25], however, it is difficult to 

distinguish anthocyanins from flavonol glycosides in complex plant matrices using the positive 

ionization mode, as both have similar molecular ions and fragmentation patterns [26]. In 

contrast, negative mode anthocyanins describe a characteristic ionization and fragmentation 

pattern [24,25]. Therefore, both positive and negative modes were used. The characteristic 

fragment ion of aglycone cyanidin is 287 in positive mode [24,27]. This fragment ion in positive 

mode has been detected in three compounds (20, 21 and 23) that could not be identified by the 

spectral database. For this reason, these three compounds were considered to be anthocyanin and 

must be subsequently confirmed by nuclear magnetic resonance spectroscopy analysis. This 

hypothesis is also supported by anthocyanin detection in previous phytochemical screening tests 

carried out by this group and the presence of these molecules in the genus Brachyotum and the 

family Melastomataceae reported by other authors [3,4]. However, the preliminary analysis 

indicates that they could be malvidin derivatives, which should be isolated and analyzed using a 

spectroscopic technique in order to determine the correct structures. In this regard, the presence 

of malvidin glycosides has been identified in the flowers of different species of the 

Melastomataceae family. For example, malvidin-3-O-glucoside and malvidin-3,5-diglucoside 

have been identified from Tibouchina grandiflora flowers [3]. This reinforces the hypothesis that 

B. naudinii flowers contain malvidin derivatives. Likewise, malvidin is a natural antioxidant 
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present in plants that are used as a food supplement and as an active ingredient in anti-aging and 

anti-wrinkle creams [5,6]. 

In negative mode, the fragment ion 285 has been detected in Kaempferol-3-O-rhamnoside 

(Table 1), a flavonol glycoside, which is in accordance with Sun et al. [24] and Mansour et al. 

[25] works. 

Plants constitute an inexhaustible reservoir of bioactive molecules with enormous structural 

variability and biological activity. The exquisite specialization of biosynthetic machinery of 

plants has been improved million years ago to develop the molecular mechanisms necessary for 

the synthesis of active metabolites that are used as chemical defense weapons against predators 

and in response to abiotic environmental stress in which they live to adapt and survive. 

Plants have reached such a degree of sophistication that each part has its own metabolite 

fingerprint. Phenolic compounds, flavonoids, and anthocyanins are synthesized as a defense 

mechanism against predators and abiotic stress generated by drought, salinity, pH changes, and 

ultraviolet radiation [28,29]. The metabolite profile of B. naudinii flowers obtained by tandem 

mass spectrometry reveals the presence of important molecules with antioxidant and 

photoprotective activities such as phenolic compounds, flavonoids, and anthocyanins [4] and the 

adaptation of this species to climate with high radiation, support the hypothesis that this species 

biosynthesizes these compounds as a defense mechanism against UV radiation. 

One of the metabolites detected by tandem mass spectrometry has been shikimic acid, a key 

molecule for the biosynthesis of phenolic compounds. Similarly, the presence of phenolic 

compounds such as β-glucogallin, a polyphenolic antioxidant precursor of ellagitannin 

biosynthesis [30] with a protective effect on lens epithelial cells in ocular cataracts [31], the 

antiglaucoma effect [32], aldose reductase inhibition, anti-inflammatory and protection of tissue 

damage in neuropathy and diabetic retinopathy [33]. 

Another important metabolite with biological activity is pedunculagin, a phenolic compound 

with significant anti-inflammatory activity in the treatment of acne vulgaris, hyperkeratosis (via 

5α reductase inhibition) [34], and capacity to regenerate keratinocytes, and therefore useful both 

in the prevention and treatment of cellular aging [35]. 
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Casuarinin, a phenolic compound with anti-inflammatory activity, capable of inhibiting TNF-

α [36], and antiviral activity against herpes simplex [37], has also been detected. 

The performed analysis also reports the acyl spermidines presence, this metabolite has been 

detected in Sambucus nigra inflorescences by using mass spectrometry [38], which is consistent 

with our analysis, since plant flowers were used. Using electrospray mass spectrometry, another 

metabolite lysophosphatidylcholine (polar lipid) was detected in B. naudinii leaves [39]. 

LC50 of anthocyanin dry extract from B. naudinii flowers was less than 1000 µg mL-1, 

therefore considered as an active substance [19]. According to the toxicity classification, B. 

naudinii flower extract is considered moderately toxic (100 to 500 µg mL-1) [4]. The Artemia 

salina bioassay can be used routinely in phytochemical research, since it is a broad-spectrum 

assay that allows analyzing the presence of pesticides, mycotoxins, anesthetics, and morphine-

type compounds, among others [4]. The LC50 value does not show physiological or biological 

activities, though it is an indicator of toxicity at the cellular level that guides the search for new 

bioactive natural products [4]. The results indicate that anthocyanin dry extract from B. naudinii 

flowers is biologically active, therefore it is recommended to continue biodirected studies. 

To determine the antioxidant potential of anthocyanin dry extract from B. naudinii flowers, 

EC50 (80.6 ± 0.9 µg mL-1; DPPH•) was calculated and compared to Trolox (38.1 ± 0.2 µg mL-1; 

DPPH•) using an equal concentration of both anthocyanin dry extract and Trolox. Although it is 

true that the antioxidant activity of anthocyanin dry extract is statistically different from Trolox 

(p < 0.05), it is necessary to indicate that Trolox is a chemically pure substance and has been 

tested at the same concentration. In this regard, a study on total phenols and antioxidant activity 

by using DPPH• from five medicinal plants reported the following EC50 values of 27.6 ± 0.8, 

44.5 ± 1.1, 78.5 ± 5.0, 42.23 ± 1.7, 42.2 ± 1.7, 50.2 ± 0.8 and 111.1 ± 12.4 µg mL-1 for 

Terminalia brasiliensis (peel and leaves), Cenostigma macrophyllum (leaves), Terminalia 

fagifolia (leaves), Qualea grandiflora (leaves) and Copernicia prunifera (roots), respectively 

[17]. Comparing EC50 of anthocyanin dry extract from B. naudinii flowers (80.6 ± 0.9 ug mL-1), 

we can observe that it has moderate antioxidant activity, which could increase with an 

optimization process. This comparison is pertinent since the method used to evaluate the 

antioxidant activity of B. naudinii was the same as mentioned above. 
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The antioxidant activity has been demonstrated using in vitro methods i.e., the uptake 

capacity tests against stable non-biological radicals (DPPH• and ABTS•+) and the total reduction 

capacity test (FRAP). Although, these methods have limitations, such as extrapolating the results 

to biological models and the presence of interferents, allowing us to demonstrate the antioxidant 

potential and rank the plant species. The obtained results showed that B. naudinii flowers are a 

potential source of antioxidants. It is suggested to evaluate the antioxidant activity in in vitro 

enzymatic models and in vivo assays. Likewise, it is recommended to evaluate the antioxidant 

activity in different fractions, such as hexane, ethyl acetate, and methanol. 

There is no evidence of ethnopharmacological use of B. naudinii flowers; however, the 

presence of phenolic compounds, moderate toxic activity, important anthocyanin content with 

antioxidant potential, and the background of other species, highly recommend continuing the 

biochemical studies. The wide range of metabolites found in B. naudinii flowers makes it a 

species with potential application in the pharmaceutical, biochemical, cosmetic, dye, and 

biotechnological industries. 

5. CONCLUDING REMARKS 

In the present study, 28 compounds were detected in Brachyotum naudinii Triana flowers, 

including tannins and flavonoid glycosides being the most abundant. In addition, three 

unidentified compounds that could correspond to anthocyanins were detected. Preliminary 

toxicity results indicated that anthocyanin dry extract is moderately toxic. Furthermore, this 

species demonstrated antioxidant activity by inhibiting the radical DPPH• and ABTS•+ as well as 

reducing the iron complex FRAP. The flowers contain phenolic compounds with in vitro 

antioxidant potential and are a source of new anthocyanin compounds. Further work will help to 

characterize the novel anthocyanin compounds by using nuclear magnetic resonance 

spectroscopy. 
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Table 1. Determination of B. naudinii lyophilized flowers chemical compounds by UHPLC-MS/MS. 

N° TR (min) MS-ESI- MS2 MS-ESI+ MS2 Nominal mass Molecular 

formula 

Structure 

1 1.97 341.1090 179,0556 
161,0449 

119,0341 

365,1053 
[M+Na] 

203,0526 
185,0421 

342 C12H22O11 Disaccharide 

2 2.01 195.0555 177.0399 

159.0292 

129.0185 

99.0078 

87.0077 

75.0077 

  196 C6H12O7 Gluconic acid 

3 2.15 173.0449 155.0343 

137.0237 

111.0442 

93.0336 

83.0492 
73.0285 

  174 C7H10O5 Shikimic acid 

4 2.17 133.0135 115.0028 

89.0234 

72.9921 

71.0128 

  134 C4H6O5 Malic acid 

5 2.80 191.0193 173.0086 

129.0185 

111.0079 

87.0078 

85.0285 

57.0335 

  192 C6H8O7 Citric acid 

6 2.80 481.0626 421.0410 

300.9991 

275.0198 
257.0091 

229.0140 

203.0345 

201.0191 

  482 C20H18O14 1,3-hexahydroxy-phenol 

glucose 

7 2.81 331.0673 169.0137 

151.0030 

123.0079 

  332 C13H16O10 β-Glucogallin 
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101.0234 

89.0234 

71.0128 

8 4.36 783.0695 481.0627 

300.9992 

275.0199 

257.0097 
229.0138 

203.0346 

201.0191 

185.0240 

802.1090 

[M+NH4
+] 

303.0132 

277.0341 

259.0236 

231.0289 
215.0338 

187.0387 

109.0287 

784 C34H24O22 Pedunculagin 

(isomer 1) 

9 4.69 783.0693 481.0627 

300.9989 

275.0197 

257.0090 

229.0140 

203.0344 

201.0188 

185.0241 

802.1091 

[M+NH4
+] 

303.0132 

277.0341 

259.0235 

231.0286 

215.0337 

187.0388 

109.0287 

784 C34H24O22 Pedunculagin 

(isomer 2) 

10 6.96 483.0783 331.0669 
313.0568 

271.0460 

211.0245 

169.0136 

125.0235 

  484 C20H20O14 1,6-digaloyl-glucoside 

11 8.04 935.0802 917.0690 

873.0795 

855.0668 

573.0529 

571.0733 

383.0405 

349.0356 

315.0147 

  936 C41H28O26 Galloyl pedunculagin 

12 8.59 953.0900 935.0795 
651.0723 

633.0723 

300.9990 

275.0198 

257.0090 

229.0140 

972.1304 
[M+NH4

+] 
635.0869 
617.0766 

303.0132 

277.0341 

259.0235 

231.0287 

153.0182 

954 C41H30O27 Remurin B 
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203.0346 

201.0188 

13 8.73 953.0800 917.0682 

783.0685 

659.0525 

633.0735 

571.0736 
329.0301 

300.9994 

299.0197 

  936 C41H28O26 Casuarinine 

(isomer 1) 

14 9.18 967.1064 935.0790 

633.0723 

300.9990 

275.0197 

257.0091 

229.0142 

203.0345 

986.1461 

[M+H4
+] 

617.0774 

335.0397 

303.0132 

277.0339 

259.0235 

231.0287 

153.0181 

968 C42H32O27 Nilotinin M2 

15 9.50 635.0896 465.0674 

313.0566 

211.0244 
193.0133 

169.0136 

151.0028 

125.0235 

  636 C27H24O18 1,3,6-tri-O-galloylglucose 

16 10.22 479.0830 316.0226 

287.0198 

271.0249 

259.0249 

214.0269 

178.9981 

151.0029 

481.0974 319.0446 

273.0388 

245.0443 

217.0498 

167.0340 

153.0184 

480 C21H20O13 Myricetin 3-O-hexoside 

17 10.30 935.0801 917.0689 

783.0703 

633.0737 
450.9941 

329.0301 

300.9991 

283.9965 

275.0199 

257.0092 

  936 C41H28O26 Casuarinine 

(isomer 2) 
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229.0141 

18 10.71 463.0884 316.0225 

300.0276 

287.0198 

271.0248 

259.0248 

242.0220 
178.9980 

151.0030 

  464 C21H20O12 Myricitrin 

19 10.76 477.0674 301.0351 

283.0254 

255.0301 

245.0457 

227.0250 

178.9980 

151.0030 

121.0287 

479.0916 303.0796 

285.0405 

257.0450 

229.0491 

153.0180 

113.0233 

85.0288 

478 C22H18O13 Quercetin 3-O-glucuronide 

20 10.83 787.2094 665.1670 

501.1039 

479.1196 
347.0773 

329.0666 

314.0434 

261.0770 

193.0137 

165.0187 

149.0237 

137.0236 

771.2130 

[M-H2O+H]+ 

639.1700 

463.1227 

331.0810 
315.0494 

299.0546 

287.0547 

270.0517 

242.0571 

787 C37H341O19
+ Unknown anthocyanin 

(new compound) 

21 11.0 829.2201 637.1564 

521.1302 

501.1040 

347.0773 

329.0668 
314.0432 

299.0198 

193.0138 

165.0187 

149.0237 

137.0236 

123.0079 

813.2230 

[M-H2O+H]+ 

639.1701 

505.1329 

331.0810 

315.0495 

287.0547 
270.0518 

242.0571 

861 C39H42O20
+ Unknown anthocyanin 

(new compound) 
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22 11.29 447.0935 300.0276 

271.0248 

255.0298 

243.0293 

227.0346 

178.9982 
151.0029 

  448 C21H20O11 Quercetin-3-O-rhamnoside 

23 11.31 859.2302 667.1663 

521.1302 

347.0771 

329.0668 

314.0434 

299.0199 

193.0138 

165.0187 

149.0237 

843.2331 

[M-H2O+H]+ 

669.1804 

505.1294 

331.0810 

315.0496 

861 C40H45O21
+ Unknown anthocyanin 

(new compound) 

24 11.70 625.1206 479.0830 

463.0880 

316.0225 

300.0273 
287.0201 

271.0248 

259.0245 

242.0225 

214.0272 

178.9982 

  626 C30H26O15 Myricetina 3'-O-(6''-p-

coumaroyl) glucoside 

25 11.79 431.0897 285.0402 

255.0298 

227.0347 

211.0399 

185.0604 

163.0031 
107.0124 

  432 C21H20O10 Kaempferol-3-O-rhamnoside 

26 12.39 598.2566 478.1990 

462.2036 

452.2205 

342.1459 

332.1617 

316.1664 

145.0287 

600.2702 454.2332 

436.2228 

308.1964 

292.2015 

275.1748 

204.1019 

163.0388 

599 C34H37N3O7 N-caffeoyl-N,N-di-p-

coumaroylspermidine 
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135.0443 

119.0493 

147.0440 

119.0492 

27 13.00 582.2617 462.2039 

342.1462 

316.1670 

299.1405 

584.2751 438.2383 

420.2275 

292.2016 

275.1749 

583 C34H37N3O6 Tricoumaroyl spermidine 

28 17.73 564.3314 

[M+FA-H] 

504.3102 

279.2332 
224.0694 

78.9850 

  519 C26H50NO7P Lysophosphatidylcholine (18:2) 

* The values of MS-ESI- and MS-ESI+ correspond to the adducts [M-H]- and [M+H]+, respectively. In the case of another adduct, it will be indicated within the 
same box. FA: Formic acid. 

 

Table 2. Total phenolic compounds and total anthocyanins content in the dry extract of anthocyanins from B. naudinii flowers 

Sample TPC (mg GAE/g) TAC (mg CYG/g) 

Anthocyanin dry extract 194.8 ± 4.07 1148.6 ± 59.9 

GAE/g: milligrams of gallic acid equivalent per gram of dry extract; mg CYG/g: milligrams of cyanidin 3-O-glucoside equivalent per gram of dry extract. TPC: 
total phenolic content and TAC: total anthocyanin content. 
 

Table 3. Preliminary toxicity of anthocyanin dry extract from B. naudinii flowers 

* Values are expressed as mean and standard deviation (n = 3). LC50: lethal concentration. 

 

Concentration (µg mL-1) Mortality (%) LC50 (µg mL-1) Goodness of Fit Test Classification [14] 

1000 100.0 

106.9 ± 9.9* 0.025 Moderately toxic 
500 100.0 

100 20.0 

10 10.0 
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Abstract
In recent years, Polypodium leucotomos has emerged with a great interest for having medicinal and 
therapeutic potential. It is producing very promising results due to the presence of antioxidant and 
photoprotective properties. Electronic libraries and databases, including Scopus, PubMed, Google Scholar, 
Science Direct, and Web of Science were searched to identify relevant studies; 79 publications contributed 
to this review regarding Polypodium leucotomos botanical aspects, chemical composition, antioxidant and 
photoprotective activity. It is used in complementary and alternative therapies with various pharmaceutical 
dosage forms (systemic or topical). Thanks to the composition of phytochemical constituents present in 
the leaves and rhizomes which confer antioxidant and photoprotective activity that has clinical therapeutic 
potential to be used as systemic and topical sunscreen of natural origin for the prevention of different types of 
skin diseases caused by harmful ultraviolet A and ultraviolet B radiations. However, more studies are needed 
in the future to test the ability and enhance the capacity of sunscreen and sunblock in cosmetic formulations. 
To conclude, it is recommended to carry out scientific studies based on different analytical methods to 
evaluate the phytoconstituents potential and to develop stable pharmaceutical formulations according to the 
skin phototype.

Keywords
Polypodium leucotomos, antioxidant, photoprotective

Introduction
Polypodium leucotomos—a tropical fern belonging to the genus Polypodium and to the family Polypodiaceae—
originated from South and Central America [1, 2] which was traditionally used due to its anti-tumor and 
anti-inflammatory properties [3]. In 1788, this species was first introduced in Europe after the botanical 

Open Access   Review

© The Author(s) 2022. This is an Open Access article licensed under a Creative Commons Attribution 4.0 International 
License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, sharing, adaptation, distribution 
and reproduction in any medium or format, for any purpose, even commercially, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.

Exploration of Medicine

Page 246 of 255 

https://doi.org/10.37349/emed.2022.00117
mailto:msaprad06%40usp.br?subject=
https://doi.org/10.37349/emed.2022.00117
https://orcid.org/0000-0002-3667-2912
https://orcid.org/0000-0002-4644-4729
https://orcid.org/0000-0001-6737-9877
https://orcid.org/0000-0002-9956-9410
https://orcid.org/0000-0001-5669-8776
http://crossmark.crossref.org/dialog/?doi=10.37349/emed.2022.00117&domain=pdf&date_stamp=2022-12-29


Explor Med. 2022;3:607–16 | https://doi.org/10.37349/emed.2022.00117 Page 608

expedition in Peru and Chile by Hipólito Ruiz López (botanist) funded by the Spanish Crown and later 
spread to other areas [4]. It has been shown to contain saponins [1] and phenolic compounds: vinyl acid, 
chlorogenic acid, ferulic acid, caffeic acid, and coumaric acid [5–7] extracted from rhizomes [1, 8] and leaves [9, 10]. 
It is beneficial for specific dermatological pathologies [11] such as skin tumors [3, 12, 13], rash [14], erythema 
and pigmentation [12, 13, 15], melanoma [16], photodermatosis [13, 17, 18], vitiligo [19, 20], melasma, 
psoriasis, and atopic dermatitis [2, 21, 22]. It particularly reduces the skin deterioration induced by 
exposed ultraviolet (UV) rays [11, 23, 24] to minimize photoaging [25], therefore, it gained considerable 
interest in cosmetic and dermatological research. Further, the research demonstrated the positive effects 
in tonsillitis [26], trichomoniasis [4], infectious diseases [27], acute colitis [28], scalp keratosis [29, 30], 
polymorphic light eruption [14, 31] as well as immunomodulation of lymphocytes and cytokines [32] and it 
was also used as a dietary supplement [33].

The Polypodium leucotomos pharmaceutical preparations are available as oral capsule (act as a 
systemic antioxidizing agent), topical gel, cream, spray and compact makeup powder to protect the skin 
from sunlight (or invisible UV rays) exposure [2]. Besides, it is one of the global public health problems. 
Overexposure to solar radiation has a significant impact on skin health [34] such as sunburn, photoaging, 
photodermatosis, photosensitivity, immunosuppression and photocarcinogenesis [35, 36]; the latter being of 
great concern due to the increase in cases [37, 38]. Therefore, it is highly beneficial due to its chemoprotective, 
immunomodulatory, anti-inflammatory and antioxidant properties. In addition, it is attributed for the 
inhibition of photoisomerization as well as apoptosis that leads directly to DNA damage, and it also prevents 
immunosuppression [7, 25, 39, 40] which were proven in in vitro and in vivo studies, involving human, cell 
and animal studies [22, 41].

It is necessary to highlight that the harmful biological effects of UV radiation will depend on the energy 
that it diffuses [42]; while UVA, UVB and UVC spectral ranges of solar radiation comprise from 100 to 400 nm. 
Among them, UVA and UVB radiations are of great biological importance as they are concerned with mild 
to chronic skin damage and compromise the skin integrity [43]. Hence, the skin is the primary organ that 
eventually receives the most exposure [44], as there is a direct relationship between skin and UV radiation 
and this relationship generates reactive oxygen species that alter the structure and function of the skin [45]. 
For this reason, the dermatological studies carried out on Polypodium leucotomos have demonstrated its 
potential antioxidant activity [5, 10] due to the presence of phenolic compounds. Since, they have the ability 
to bind with free radicals, which are agents that prevent or delay oxidation by inhibiting the initiation of 
oxidative reactions and thus producing beneficial effects on human health [46, 47].

Free radicals are highly reactive unstable species and when reacting with UV rays, they can even lead 
to cell death [48] which implies they are responsible for photoaging, immunosuppression, phototoxicity, 
photoallergic and photocarcinogenesis [9, 47, 49, 50]. To avoid these damages, strategies are sought out 
such as photoprotection with natural antioxidants to limit them thus preventing erythema, inflammation, 
wrinkles, photoaging and skin cancer [51].

The area of cosmetic science has emerged in the last three decades to maintain cutaneous homeostasis 
and to neutralize the free radicals induced by damaging UV rays. The researchers are trying their best to 
formulate the skin preparation without causing toxicity or unwanted effects [52]. Some traditional sunscreen 
contains inorganic compounds such as titanium dioxide and zinc oxide [33] that dissociate UVA and UVB rays. 
Perhaps they are often visible as an undesirable opaque layer on the skin, though these are metallic particles 
that are considered highly toxic for the skin [53].

Therefore, researchers have been studying the compounds present in the Polypodium leucotomos which 
is considered as a UV protector. In recent years, there is a very high demand for its oral formulation as 
antioxidant capsules [41]. It should be important to highlight that the Polypodium leucotomos extract has 
been patented with the name Fernblock® XP [54].

The aim of this review is to gather the information from published studies to evaluate the antioxidant 
and photoprotective properties. The databases of Scopus, PubMed, Google Scholar, Science Direct and Web 
of Science were searched and an exhaustive review was carried out with publications from the year 2010 
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to 2022. A total of 117 reviews and research articles were collected, 79 contributing to this review with a 
topic of interest to carry out this work. In English, the following search words were used and mentioned 
here: “Polypodium leucotomos”; and other word combinations were also made like “Polypodium leucotomos” 
with “antioxidant”, “photoprotective”, “cancer”, “anti-inflammatory”, “photoaging”, “UV radiation”, “phenolic 
compounds”, “reactive oxygen species”, “skin” and “Fernblock”. After thorough evaluation, a discussion was 
held to highlight its antioxidant and photoprotective properties.

Taxonomy
The taxonomic classification is shown in Table 1.

Table 1. Taxonomic classification of Polypodium leucotomos

Kingdom Plantae
Class Equisetopsida 
Order Polypodiales
Suborder Polypodiineae
Family Polypodiaceae
Genus Polypodium
Species leucotomos

Distribution
The geographical distribution ranges from Central America to South America, mainly in Bolivia, Brazil, 
Mexico and Peru [10, 26]. Besides, it cultivates in humid environment, and it grows on developed tree trunks. 
Its adaptation and vegetation reach the height of 1,200 to 2,200 meters above sea level [8].

Phytochemical constituents
The phytochemical constituents are presented in Table 2 and the chemical structures are shown in Figure 1.

Table 2. Phytochemical constituents

Phytochemical constituents Chemical compound Plant part Refs.
Saponins Osladin, calagualine Rhizome [8, 55]
Phenolic compounds Caffeic acid: 3,4-dihydroxycinnamic acid, Ferulic acid: 3-methoxy-

4-hydroxycinnamic acid
Leaves [56]

Biological acid molecules Shikimic acid, glucuronic acid, malic acid, coumaric 
acid: 4-hydroxycinnamic acid, vanillic acid: 3-methoxy-4-
hydroxybenzoic acid, chlorogenic acid: 3-caffeoylquinic acid, lactic 
acid, protocatechuic acid: 3,4-dihydroxybenzoic acid, citric acid

Rhizome and 
leaves

[56]

Monosaccharides Fructose, glucose Rhizome and 
leaves

[56]

Steroids Ecdysone Rhizome [8]
Others Oleoresin, deoxyhexose, potassium nitrate Rhizome [8]

Antioxidant activity
Antioxidants are substances that can neutralize the actions of oxidants that cause free radicals, thus 
endogenous cellular antioxidants are released into the bloodstream that is subsequently trapped by free 
radicals, which maintains oxidant-antioxidant homeostasis [57]. The free radical is an atom that has an 
unpaired (free) electron; this characteristic makes them very reactive to capture an electron from molecules 
to become stable, thus reaching their electrochemical stability. Usually, the free radical tends to initiate a 
chain reaction and lead to the destruction and damage to cell membranes and tissues. In our body, this action 
occurs continuously and we need antioxidants to control this process [48, 58]. It will not be beneficial for 
health when our body has to tolerate excess free radicals that are produced by endogenous and exogenous 
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oxidant species such as solar radiation [57, 59, 60]. The latter is considered as the major source of free radical 
production that causes inflammation, acceleration of cellular aging, and initiation of skin cancer [61].

Figure 1. Chemical structure

The phytochemical extracts were demonstrated to have antioxidant activity and photoprotective 
properties [6]. However, if we compare the activities between the rhizomes and the leaves, the leaves 
showed high activity due to the presence of phenols, tannins and flavonoids [8, 13, 62], which was determined 
using oxygen radical scavenging methods such as ferric reducing antioxidant power (FRAP), 2,2-azino-bis-3-
ethylbenzothiazoline-6-sulfonic acid (ABTS), and oxygen radical absorbance capacity (ORAC) [3, 11, 63]. 
Of note, health benefits of polyphenols using human skin cells demonstrated to be good skin photo protectors and 
photocarcinogenesis inhibitors, therefore, widely incorporated in medicinal and cosmetic products [64, 65].

Reactive oxygen species (superoxide anion, hydroxyl radical, hydrogen peroxide, and singlet oxygen) 
are important oxidizing agents that have been considered to be involved in skin aging and various diseases 
such as cerebrovascular, Parkinson’s, multiple sclerosis, heart, cancer, and others [57, 66, 67]. This plant 
demonstrated its antioxidant effect by eliminating reactive species [6, 68] while inactivating the oxidative 
stress response that is a precursor of inflammation, aging, androgenic alopecia and skin cancer [68]. Further, 
it is not limited to reactive oxygen species, but it also prevents the synthesis of nitric oxide that participates 
in cell damage [69].

Photoprotective activity
The skin is highly sensitive to UV rays which cause sunburn, photoaging, immunosuppression and 
photocarcinogenesis. It has caught the attention of researchers to develop alternatives in photoprotection 
that may have a filtering system for UVA and UVB radiations [35]. We are familiar that our body undergoes 
series of preventive mechanisms to counteract short- and long-term solar damage, but they are not enough 
due to the increase in intensity and duration of solar radiation exposure, whether due to the environmental 
pollution or ozone layer thinning that is subsequently responsible for skin cancer which considered a global 
health problem [70, 71].
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In this scenario, the most affected people are those that have fair skin and even more if they live in 
the regions closest to the earth equator that has a higher solar irradiance [72]. The use of sunscreen and 
sunblock is one of the protective measures. Hence, the efficient development of skin products should be with 
high protection factors that are less irritating, with lower amounts of synthetic agents and above all easy 
accessibility in the market [73]. The skin products should not cause adverse reactions such as dermatitis or 
causing skin sensitivity and thinning. The adverse reaction usually happens when we use sunscreens in a 
very concentrated way that have phototoxic effects and thus a high risk for consumers [74]. To resolve this 
problem, the researchers are trying to introduce phytocosmetics from natural compounds that have proven 
scientific quality, safety and efficacy established during different studies [75].

This has been proven to successfully inhibit skin damage induced by UVA and UVB rays by reducing 
DNA mutations, inhibiting inflammation, improving the immune response and ultimately decreasing the 
photo-induced erythema. Recently, in vitro and in vivo studies that include animal models and human clinical 
trials proved that phytotherapeutic treatments are of great interest and hence beneficial for humans [38, 40, 76].

Polypodium preparation
The Polypodium preparations are mentioned in Table 3.

Table 3. Polypodium preparation

Polypodium
preparation

Result of interest Photoprotective 
activity (assays)

Radiation 
type

Route and dose Refs.

Capsule Significant reduction of cutaneous 
reaction and symptoms/photoprotection 
treatment in idiopathic photodermatosis

In vivo—human UVA/UVB Oral
Used dose: 
480 mg/day

[18]

Capsule Decreased erythema/increased minimal 
erythema dose (MED)

In vivo—human UVB Oral
Used dose: 
120–1,080 mg/day

[16, 40, 
77]

Hydrophilic 
extract

Prevention and delay of typical lesions 
(eruptions) caused by UVR

In vivo—human UVA/UVB Oral
Used dose: 720, 
960, 1,200 mg/day

[14]

Extract Inhibition of elastase activity/stimulation 
of cell expression/strengthening cell 
matrix/prevention in photoaging

In vitro—enzymes 
and substrate

UVA/UVB Enzyme (starting 
concentration of 
1 µg/µL) with its 
substrate 0.5 mM

[78]

Extract Negative photobiological effects/
reduction of UVB rays

In vivo—human UVB Oral
Used dose: 
480 mg/day

[7]

Hydrophilic 
extract 
(Fernblock)

Cell damage prevention/
increased expression of matrix 
metalloproteinase-1 and cathepsin K/
slowing expression of fibrillin 1, 2 and 
elastin

In vitro—cell 
cultures (human 
dermal fibroblasts)

Infrared A 
and visible 
light

Incubation [11]

Extract Decrease in darkening,
cyclooxygenase-2 (marker of cell 
damage)

In vivo—human Visible light Oral
Used dose: 
480 mg/day

[79]

Extract 
(Fernblock)

Protective activity against oxidative 
stress and aging

In vitro—
non-tumorigenic 
human keratinocyte 
cells

UVB Incubation [68]

Conclusions
Different studies have demonstrated that this plant extract possesses anti-inflammatory, antioxidant, 
photoprotective and immunomodulatory activities making this species a powerful agent against solar 
induced aging and skin cancer. The capsule dosage form is very popular, widely accessible, and viable for all 
people around the globe. Hence, its antioxidant activity greatly facilitates its usage and thus preventing the 
skin damage caused by harmful UV radiation.
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After an exhaustive review, no studies have been found for this plant based on its phytochemical 
performance, whether taken from leaves or rhizomes. It is recommended to carry out these studies for better 
evaluation of this plant. Likewise, it is worth mentioning that no scientific study carried out to determine 
the antioxidant capacity by 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) free radical electron-transfer 
method, while stability studies are required for different pharmaceutical formulations as there is no widely 
approved dose according to the skin phototype. Hence, nowadays it is necessary to carry out these studies 
on damaging UVC rays to make better formulations with other active ingredients to produce synergy in the 
photoprotective and antioxidant capacity.
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