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Abstract  

Whole body heat stress causes a reflex cutaneous vasodilator response driven by a 

sympathetic active vasodilatory system. Methylphenidate (MPD) is known to increase whole 

body sympathetic activity, potentially leading to increased cutaneous blood flow via a nitric 

oxide (NO) based pathway. We investigated forearm SkBF during whole-body heat stress (Tc  

Δ + 1.5˚C) with and without MPD (20 mg) ingestion in 6 adult males (23  ± 2 y) using laser-

Doppler flowmetry and L-NAME to inhibit NOS (Nitric Oxide Synthase).  Increasing Tc led to 

higher forearm cutaneous vascular conductance (CVC) (p < 0.05) and area under the curve 

of CVC (AUC) (p < 0.001) measures. L-NAME had a significant effect on CVC (p < 0.05), but 

not AUC (p = 0.696). MPD had no significant effect on CVC (p = 0.836) or AUC values (p = 

0.261). With an increase in Tc, there was a significantly greater contribution of NO to the 

increase in SkBF, as expected (p < 0.05). Conversely, MPD had no effect on NO contribution 

to forearm SkBF (p = 0.970). Though not significant, a trend in which MPD decreased time to 

reflex SkBF plateau was observed (p = 0.200). These data suggest that NO has a role to play 

in reflex vasodilation, but MPD does not significantly increase SkBF.  
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Introduction  

  Large increases in cutaneous blood flow maintain homeostasis when the body is 

confronted with whole-body heat stress (Koroxenidis et al., 1961; Johnson & Park, 1979). At 

rest in a thermoneutral environment, skin blood flow is ~250-500 mL·min−1 (Behnke & 

Willmon, 1940). However, under high heat stress (Tc  Δ  ≥ 1.0˚C), healthy humans can reach 

skin blood flow rates of 8 L·min−1, a level of flow for regional circulation exceeded only by 

active skeletal muscle (Rowell, 1974). Though the particular site is unknown, the reflex drive 

to increase cutaneous blood flow originates largely from thermally sensitive receptors in the 

central nervous system (Johnson et al., 2014). In non-glabrous skin (hairy skin that covers 

the majority of the body), reflex alterations in skin blood flow are mediated by dual 

sympathetic innervation: sympathetic vasoconstrictor nerves that cause cutaneous 

vasoconstriction and sympathetic vasodilator nerves that cause cutaneous dilation (Barcroft 

& Edholm, 1943; Edholm et al., 1957). Dual sympathetic innervation has been a major 

obstacle in determining the exact mechanisms involved in active cutaneous vasodilation 

(Hodges & Johnson, 2009). Fox & Edholm (1963) reported that whole body heating led to a 

withdrawal of tonic vasoconstriction, which is followed by the activation of a sympathetic 

active vasodilator system. This sympathetic active vasodilator system appears to be a 

cholinergic co-transmitter-based system, as active vasodilation is abolished by cholinergic 

nerve blockade with botulinum toxin, but only attenuated by atropine (muscarinic blockade) 

(Kellogg et al., 1995). These cholinergic nerves release acetylcholine which [via muscarinic 

receptor- 3 (M3)] activates nitric oxide synthase (NOS) leading to 30-40% of active 

vasodilation through the production of nitric oxide (Kellogg et al., 1998; Shastry et al., 1998).  

The putative co-transmitters are considered to be vasoactive intestinal polypeptide (VIP) 
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(Bennet et al., 2003), pituitary adenylate cyclase activating peptide (PACAP) (Kellogg et al., 

2010), and neuronal nitric oxide synthase (NOS) derived nitic oxide (NO) (Kellogg et al., 

2008).   

 

Figure 1: Overview of the mechanisms contributing to reflex cutaneous vasodilation. The left panel presents a 
typical skin blood flow response to whole body heating. The right panel presents Cholinergic Co-transmitters and 
the vasodilative mechanisms of reflex cutaneous vasodilation. ACh is released leading to an initial rise in SkBF and 
the activation of sweat glands. Cotransmitters include VIP and PACAP. These two pathways and ACh [via 
muscarinic receptor- 3 (M3)] appear to work through NO to contribute 30-40% of active vasodilation. ACh = 
Acetylcholine; SkBF = skin blood flow; VIP = vasoactive intestinal peptide; PACAP = pituitary adenylate cyclase-
activating peptide; NO = Nitric Oxide.  

 

Methylphenidate (MPD) is an adrenergic stimulant used to treat attention deficit 

hyperactivity disorder (ADHD) by increasing dopamine and noradrenaline concentrations 

within the synapse (Vles et al. 2003; Carboni and Silvagni 2004).  The established actions of 

MPD are at the noradrenaline and dopamine transport sites, where the drug binds to the 

transporters and acts as a reuptake inhibitor to increase the extracellular concentrations of 

noradrenaline and dopamine (Leanard et al, 2004). It was observed by Jaber et al, (2017) 

that ~7.5% of the general population in the United States has ADHD. Though MPD is not just 

confined to treatment of ADHD, it is also prescribed to those with bipolar disorder, major 

Johnson et al., 2014 



3 
 

depressive disorder, stroke, cancer, and HIV-positive patients (Leonard et al. 2004). The use 

of adrenergic stimulants has risen substantially, doubling in the USA between 2006 and 2016 

(Piper et al., 2018). A major side effect of MPD-induced increases in dopamine is the 

modulation of cardiovascular function through its effects on peripheral catecholamines, 

increasing sympathetic activity. Animal models have demonstrated that dopamine 

contributes to cardiovascular regulation via stimulating cells in the ventral tegmental area 

(VTA) and medulla (Volkow et al., 2003). This VTA stimulation modulates cardiovascular 

function through decreasing the sensitivity of the baroreceptor reflex. It has also been 

speculated that increased dopamine levels due to MPD induce a rise in epinephrine levels 

and systolic blood pressure, reflecting dopamine-induced sympatho-adrenal-stimulation 

(Leonard et al, 2004). This paired with the stimulation of the VTA can lead to significant 

elevations in heart rate (HR) and peripheral blood flow.  

Exposure to hot environments may potentiate the effects of MPD, as MPD ingestion 

and heat stress typically lead to depressed parasympathetic nervous system (PNS) along 

with elevated sympathetic nervous system (SNS) activity (Dogra et al., 2018). Even moderate 

heat stress (Tc + ~0.7°C) places the body in “hyperadrenergic state” with skin sympathetic 

nervous activity increasing (Low et al., 2011; Rowell, 1990). In addition to this, MPD 

ingestion leads to increases in overall plasma catecholamine levels (epinephrine, 

norepinephrine, acetylcholine) which is driven by the increased dopamine levels (Tzvara et 

al., 2006 ; Navarra et al., 2008; Volkow et al. 2003). Thus, heightened SNS activity may lead 

to increased cutaneous blood flow through increased cholinergic co-transmitter release, 

resulting in heightened concentrations of acetylcholine and VIP, PACAP, and neuronal NOS 

derived NO (Bennet et al., 2003; Kellogg et al. 1998, 2008,2010). It may be that MPD 
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favourably modulates thermal responses to heat stress, leading to an increase in cutaneous 

blood flow driven by increased co-transmitter release from cholinergic nerve terminals 

stimulated by a rise in SNS activity.  

It can be hypothesized that MPD will further shift the balance from the 

parasympathetic nervous system towards the sympathetic nervous system, increasing 

overall sympathetic tone resulting in increased presentation of NO-induced increases in 

cutaneous skin blood flow during heat stress. The expected outcomes being significantly 

elevated skin blood flow in the MPD trial compared to the control during heat stress , as well 

as decreased skin blood flow on the sites given nitric oxide synthase inhibitor L-NAME for 

each respective trial (MPD and control). This protocol allows us to determine the potential 

increase in skin blood flow due to MPD ingestion and the contribution of NO to this increase 

in SkBF during heat stress. Thus, elucidating the impact of a commonly prescribed 

adrenergic stimulant such as MPD during heat stress will advance the understanding of the 

role of NO in the cutaneous vascular response to hyperthermia.  To that end, the effects of 

oral ingestion of MPD with and without localized inhibition of NOS (via potent NOS inhibitor 

L-NAME) were examined. 
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Literature Review  

Vascular Anatomy   

It was first believed that cutaneous vascular structure was a randomly anastomosing 

network without any set structure (Calvery et al, 1946). It is now known that the vasculature 

of the skin can be arranged into two plexuses, the superficial plexus, and the deep plexus 

(Johnson et al, 2014). The smallest vascular component of the superficial plexus being the 

papillary loops which run perpendicular to the surface of the skin and are composed of an 

ascending limb, an interpapillary loop with a hairpin turn, and a descending limb which 

connects to a post capillary venule in the superficial plexus (Braverman, 1997). The papillary 

loops of the forearm have a diameter which varies between 8-12 µm on the ascending limb. 

At the hairpin turn, the diameter narrows to 7.5-10 µm, but then the descending limb is 

usually 1-1.5 µm wider than that of the ascending limb. Due to the large surface area and 

location, control of blood flow through the capillary loops has an important role in heat 

exchange and retention (Braverman & Yen, 1977).  

Figure 2: Cutaneous vasculature of the Epidermis, Dermis, and Hypodermis. The most superficial layer being 
the papillary loops. These then converge and from the upper horizontal plexus in the most superficial areas of 
the dermis. Ascending arterioles and descending venules connect the upper horizontal plexus to the lower 
horizontal plexus. This represents the end of vasculature that is specific to non-glabrous skin.   

 

Wickham.., 2020 



6 
 

The superficial horizontal plexus comprises the second most superficial layer of 

cutaneous vasculature. This layer consists of arterioles and venules that run longitudinally 

to the skin’s surface. The arterioles in the papillary dermis vary in diameter from 17-26 µm. 

The arterioles of the papillary dermis are highly innervated and are surrounded by 2 layers 

of smooth muscle (Swerlick, 1997). The inner layer of smooth muscle is arranged 

longitudinally to the arteriole, while the other is arranged as a spiral around it. Thus, these 

arterioles have the ability to exert a high level of control over blood flow into the capillary 

loops (Johnson et al, 2014). The venules of the papillary dermis are more abundant and have 

an outside diameter that ranges from 18-23 µm. Despite their comparable size they can be 

discerned as venules due to the fact that they only have pericytes in their walls. Pericytes are 

similar to smooth muscle but are less dense, have fewer actin/myosin filaments, and give off 

the appearance of a poorly developed smooth muscle cell. Due to this lack of smooth muscle 

the venules have the highest gradient of permeability making them a very active site for 

diapedesis (passage of blood cells through the intact walls of the capillaries) (Braverman & 

Yen, 1977). 

Figure 3: Ascending Arteriole (Grey) and descending Venule (Black) attached to the superficial Plexus. 
Dermal papillary loops are formed at the top which connect to the vessels of upper horizontal plexus. These 
then converge to form an ascending arteriole and accompanying descending venule.  

Braverman, 2000 

https://www.sciencedirect.com/topics/medicine-and-dentistry/arteriole
https://www.sciencedirect.com/topics/medicine-and-dentistry/venule
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 A confluence of 8-10 superficial plexus venules will make up a descending venule 

which connects to the deep plexus.  At randomly spaced intervals of 1.5-7 mm, ascending 

arterioles connect the deep plexus to the superficial plexus (Braverman and Schechner, 

1991). Each ascending arteriole divides into 4-5 branches to form a section of the superficial 

plexus. Looking at it three dimensionally the connection between the deep plexus and the 

superficial plexus resembles an umbrella, with the handle and stem being the paired 

ascending arteriole and descending venule; the top of the umbrella being the superficial 

plexus (Braverman et al, 1990). The highest levels of Laser Doppler flux (LDF) variability are 

over the ascending arterioles and the subsequent branches, suggesting that these vessels are 

the morphological site for the generation of vasomotor activity detected by LDF in the skin. 

This may be due to the putative sphincter, which is comprised of a single encircling smooth 

muscle cell at the site where the ascending arteriole branches to form the arterioles of the 

superficial plexus (Braverman, 2000).     

The deep horizontal plexus also runs longitudinally to the surface of the skin and 

contains arterioles and venules that differ from the structure of comparable vessels in the 

superficial horizontal plexus. The vessel size of the deep horizontal plexus is uniform at ~50 

µm. There are 4-5 layers of smooth muscle or pericytes as opposed to 1 or 2 in the superficial 

plexus (Braverman & Yen, 1981). Arterioles in the deep horizontal plexus provide adequate 

blood supply to hair follicles and sweat glands at this depth (Johnson et al, 2014). Smaller 

(25-50 µm) postcapillary venules join larger veins varying from 70 -120 µm which pass from 

the deep plexus into the superficial layer fat. These vessels contain valves at the dermal-fat 

interface to ensure forward motion of the blood (Braverman, 2000). This represents the end 

of vasculature that is specific to non-glabrous skin.   
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Neuroanatomy  

 The skin is highly innervated with both sensory and autonomic nerves (Roosterman 

et al., 2006). Cutaneous autonomic nerves can be sympathetic noradrenergic or sympathetic 

cholinergic fibres (Montagna, 1964). In non-glabrous skin, alterations in skin blood flow are 

mediated by these two separate branches of the sympathetic nervous system. Noradrenergic 

vasoconstrictor nerves that innervate dermal papillary loops through the release of 

norepinephrine and other co-transmitters, and a cholinergic active vasodilator system 

(Hashim & Tadepalli, 1995; Johnson & Proppe, 2011). Grant and Holling (1938), first 

suggested this dual sympathetic innervation of a vasoconstrictor and vasodilator systems 

nearly 100 years ago. This was later confirmed when local anesthesia was applied to block 

cholinergic nerve activity during heat stress and a significant reduction in forearm skin blood 

flow resulted (Edholm et al., 1957). More recently, Kellogg et al, (1995) abolished cholinergic 

nerve blockade with botulinum toxin resulting in an abolition of the active vasodilator 

response while vasoconstrictor response remained unchanged. This dual sympathetic 

innervation has been a major roadblock in elucidating the mechanisms involved in skin 

blood flow.  

Reflex Cutaneous Vasodilation  

 When exposed to a hot environment or increased heat production due to activity, the 

body must find a way to dissipate heat to maintain homeostasis. Thermoregulatory reflexes 

such as increases in skin blood flow and sweating are initiated, acting as a proportional 

control feedback system (Benzinger, 1969). The initial response to whole body increases in 

skin temperature is marked by a withdrawal of tonical vasoconstrictor nerve activity. This is 

dependent on initial conditions, as thermoneutral mean whole body skin temperature is 32-
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34°C. At a Tsk of 34°C, upper end of thermoneutral (31.5 °C ≤ Tsk ≤ 35.5 °C), vasoconstrictor 

nerve blockade had no effect on resting skin blood flow responses (Edholm et al., 1957; 

Hodges et al., 2009; Kingma et al., 2014; Wyss et al., 1974). As heating continues, skin 

temperature may eventually exceed the threshold for engaging the cholinergic active 

vasodilator system, causing a significant increase in non-glabrous skin blood flow (Kellogg, 

2010; Roddie et al., 1957). The cholinergic nature of both sweating and cutaneous active 

vasodilation led to an early hypothesis that the systems were linked. This relationship was 

later ruled out when atropine was administered intra-arterially to block cholinergic 

muscarinic receptors resulting in an attenuation of skin blood flow and a complete abolition 

of sweating response (Roddie et al., 1957). An intradermal injection of botulinum toxin into 

a small area of skin abolished both sweating and active vasodilator responses in that area 

during heat stress but left the reflex noradrenergic vasoconstrictor response to whole body 

cooling intact. The overall results of these studies have led to the conclusion that cutaneous 

active vasodilation in humans is mediated by cholinergic nerve co-transmitters (Kellogg et 

al., 1995).     

 The role of NO in active cutaneous vasodilation was initially thought to be merely a 

permissive one. It was shown that NOS antagonists would abolish active vasodilation in the 

rabbit ear (Taylor & Bishop, 1993). This was followed by a study in which rabbit ear blood 

flow was restored with NO donor nitroprusside despite NOS blockade (Farrell & Bishop, 

1995). These data implied that the presence of NO was needed as well as the activation of 

vasodilator nerves, leading to the idea that NO was a precursor to another neurotransmitter 

but that the absolute level of NO did not need to change to induce fluctuations in blood flow 

(Kellogg et al., 1995).  This theory was challenged when two simultaneous publications using 
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different approaches confirmed NOS inhibition to attenuate cutaneous active vasodilation in 

humans (Shastry et al., 1998; Kellogg et al., 1998). It was found that increased skin blood 

flow during whole body heating were significantly attenuated but not abolished with NOS 

inhibition, presenting that increased NO concentrations in the skin required for active 

vasodilation to achieve full expression. This led to a study of the direct measurement of 

changes in bioavailable NO with NO-selective amperometric electrode in vivo; finding 

increases in bioavailable NO during whole body heat stress (Kellogg et al., 2003). Thus, the 

current consensus is that NO production increases during heat stress and acts as one of the 

mechanisms of cutaneous active vasodilation.  

Co-Transmitters  

Vasoactive intestinal peptide 
Vasoactive intestinal peptide (VIP) was first suggested as a cutaneous active 

vasodilation co-transmitter in a hypothesis involving cat paw vasodilation through the co-

release of acetylcholine and VIP. This original hypothesis suggested that a single set of 

neurons released acetylcholine and VIP to cause sweating and vasodilation, respectively.  

(Hökfelt et al., 1980). This was a popular hypothesis as VIP is found in human nerve endings 

associated with sweat glands and blood vessels, as well as the fact that VIP is co-localized 

with acetylcholine in cholinergic nerve terminals (Hartschuh et al., 1984; Vaalasti et al., 

1985).  To test this in humans it was first established that a concentration of 7.3 mmol∙L-1 

induces a cutaneous vasodilator response similar to heat stress. Next, VIP10-28 was 

administered via microdialysis to inhibit VIP, causing a 54% inhibition of the response to 7.3 

mmol∙L-1. This also significantly decreased the reflex vasodilator response (Bennett et al., 

2003). Interestingly, when paired with atroponin to block muscarinic receptors there was 
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no further decrease in cutaneous blood flow response, indicating a role for VIP but also 

indicating that additional co-transmitters are involved.   

Pituitary adenylate cyclase activating polypeptide 
Pituitary adenylate cyclase activating polypeptide (PACAP) is a closely related 

peptide to VIP and has been found to be an even more potent vasodilator than VIP in vivo. 

Like VIP, PACAP is found in non-glabrous skin and can be co-localized in cholinergic nerve 

terminals with acetylcholine and VIP (Ødum et al., 1998; Rambotti et al., 2010). PACAP 6-28 

(an antagonist to PACAP receptors VPAC2 and PAC1) was used to test the level of 

involvement of PACAP in cutaneous active vasodilation in response to heat stress. First a 

concentration of 30 μmol/L of PACAP was introduced to the skin increasing cutaneous 

vascular conductance (CVC) to ~89% maximal levels. PACAP6-38 consistently attenuated 

the vasodilation induced by exogenous PACAP but had no effect on baseline skin blood flow. 

During heat stress, increases in blood flow at skin sites treated with PACAP6-38 were 

significantly attenuated when compared to untreated sites, demonstrating that antagonism 

of VPAC2 and PAC1 receptors in skin significantly attenuated cutaneous active vasodilation 

(Kellogg et al., 2010). This indicates that active cutaneous vasodilation is mediated in part by 

both VIP and PACAP, though this does not account for the full vascular response.   

Nitric Oxide Synthase  
 The potential interactions between neurotransmitters and/or co-transmitters with 

NOS and cutaneous active vasodilation has seen a lot of attention in recent years. It was found 

that NOS antagonism and VPAC/PAC1 blockade attenuated cutaneous blood flow to the same 

extent. Furthermore, combination of VPAC2 and PAC1 blockade with NOS antagonism 

attenuated active vasodilation more than either one alone. This suggests that the 



12 
 

VPAC2/PAC1 receptor contribution to the process is dependent on functional NOS and 

suggested that these mechanisms are arranged in series rather than in parallel (Kellogg et 

al., 2012; Wilkins et al., 2005). A similar interaction was found involving histamine and NO. 

Administration of the antihistamine pyrilamine attenuated but did not fully abolish the rise 

in cutaneous blood flow during heat stress. Though the exact mechanisms are unclear, it was 

found that the NO generated is in some way partially mediated through H1 receptor 

activation (Wong et al., 2004). The current mechanisms responsible for cutaneous active 

vasodilation in humans is a complex system mediated through the convergence of multiple 

co-transmitters, some acting through NOS and others through NOS-independent mechanism. 

To further understand the mechanisms at play the role of NO in this process still requires 

more research.  

Endothelial Nitric Oxide  
 NO has a very short half-life of only a few seconds; due to this it is most likely made 

in the endothelium via eNOS. The NO is freely diffusible across the cell membrane which 

allows it to activate Guanylyl cyclase (GC) without the need of a receptor like the α/β-

receptors (Ignarro, 1989). NO binds to the prosthetic heme group GC, leading to a separation 

in the histidine to iron bond, resulting in a five-coordinated nitrosyl heme complex. The 

release of the histidine is thought to induce so far uncharacterized conformational changes 

leading to activation of the enzyme (Russwurm & Koesling, 2004). This conformational 

change of GC leads to an increase in its affinity to Guanine tri-phosphate (GTP), allowing it to 

catalyze the GTP into cyclic guanosine monophosphate (cGMP). The cGMP is then used in 

multiple different ways as a secondary messenger (Ignarro et al, 1981; Schlossmann & 

Schinner, 2012). This pathway has some control over Phospholamban (PLB) and plays a role 
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in regulation calcium concentration.  Phosphorylation of PLB is controlled by protein kinase 

A but cGMP-dependent protein kinase (PKG). Increased cGMP in turn activates PKG. PKG 

phosphorylates PLB, which helps decrease free floating Ca++ and helps relax smooth muscle 

(Colyer, 1998; Burgoyne & Eaton, 2010). 

 PKG is activated allosterically by cGMP. The binding of cGMP to PKG causes a 

conformational change and frees up the catalytic site. This allows PKG to inhibit Rho-kinase, 

but the mechanism as to how is still up for debate. Kato et al, (2012) believe PKG binds 

directly to Rho-kinase through an interaction involving a subsection of PKG called the 

Leucine zipper (LZ). This supposedly inhibits Rho-kinase activation by causing a 

conformational change without phosphorylation. The other proposed method of Rho-kinase 

inhibition involves PKG phosphorylating Rho-kinase, leading to a conformational change 

reducing its affinity to myosin light chain phosphatase (MLCP) (Sauzeau et al, 2000; Sauzeau 

et al, 2003). Both ultimately reduce ability of Rho-kinase which in turn increases the ability 

of MLCP to induce smooth muscle relaxation and the subsequent vasodilation.  

 Under normothermic conditions Rho-kinase phosphorylates and inhibits myosin 

light chain phosphatase (MLCP) to promote contraction. MLCP contains three subunits, one 

of which is called myosin binding site (MBS) peptide. When MBS is phosphorylated, the 

activity of the MLCP is inhibited. The phosphorylation of MBS is stimulated by Rho-kinase, 

inactivating MLCP. Rho kinase activity can therefore decrease contraction at any given 

calcium concentration by increasing the rate of myosin light chain dephosphorylation and 

promoting smooth muscle relaxation (Solaro et al, 2000). 
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  Phosphodiesterase 3 (PDE3) enzymes are involved in regulation of cardiac and 

vascular smooth muscle contractility. PDE3 is inhibited by the binding of cGMP in its 

substrate site. PDE3 is of the most interest of the phosphodiesterases as it allows crosstalk 

between the cGMP and cAMP signaling pathways, specifically NO and the β-receptor 

pathway. This leads to a decrease in the breakdown of cAMP by PDE3 resulting in a more 

pronounced vasodilation. If concentrations of both secondary messengers (cGMP and cAMP) 

become too high, other phosphodiesterase species such as PDE2, PDE5, and PDE6 are 

allosterically activated by both cAMP/cGMP to yield AMP/GMP to attenuate the process 

(Denninger & Marletta, 1999).  

Figure 4: Visual Representation of NO mediated vasodilation in vascular smooth muscle. NO freely diffuses 
across the cell membrane and activate GC. GC then converts GTP to cGMP which acts as a secondary 
messenger, activating PKG. PKG phosphorylates PLB, which helps decrease free floating Ca++ and helps relax 
smooth muscle. PKG also inhibits Rho-kinase, which increases the ability of MLCP to induce smooth muscle 
relaxation and the subsequent vasodilation. GC = Guanylyl cyclase; Guanine triphosphate = GTP; cGMP = cyclic 
guanosine monophosphate; PKG = Protein Kinase G; NO = Nitric Oxide; PLB = Phospholamban; MLCP = myosin 
light chain phosphatase.  

 

 

Scott., 2020 
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Iontophoresis   

 Iontophoresis has allowed for the discrete application of pharmacological substances 

into small skin regions, rather than the entire arm (intra-arterial-infusions) or body (oral 

administration) of the participant. Iontophoresis is a non-invasive technique that utilises a 

low electric current to enhance ionized drug penetration into the tissue (Eljarrat-Binstock & 

Domb, 2006). An electrode patch containing the drug is placed on the skin (this can be 

positive or negative depending on the nature of drug). A second electrode is placed 

elsewhere to complete the electrical circuit and a small current is applied (usually 0.5 

mAl∙cm2) to deliver the drug through the skin. Using the phenomenon that opposite charges 

attract and like charges repel, iontophoresis uses an electrode with the same polarity as the 

drug to move it into the skin (Dixit et al., 2007). 

This method has seen great success in past studies in elucidating mechanisms of 

cutaneous blood flow. As mentioned in the sections above, reflex skin blood flow involves 

sympathetic noradrenergic vasoconstrictor nerves and separate sympathetic cholinergic 

nerves. Kellogg et al (1989) used iontophoresis to introduce bretylium tosylate, which pre-

synaptically abolishes adrenergic function, allowing for a clear examination of vasodilatory 

system free of vasoconstrictor activity. The procedure was successful in blocking the 

vasoconstrictor activity, although this led to a greater appreciation of the neuronal (reflex) 

control of active vasodilatory activity as the resulting vasodilation was also attenuated 

(Kellogg et al, 1993; Kellogg et al, 1991).   

 Iontophoresis does have a few potential caveats that must be considered when in use. 

The first is that prolonged current administration to a skin site will itself increase blood flow 
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(Grossman et al, 1995; Tartas et al, 2005). This current-induced hyperemia makes it 

necessary to delay the collection of any meaningful data 45 to 60 minutes as these effects 

subside (Johnson et al., 2014). The second caveat is that the active drug, in an ideal situation, 

must be the only charge carrier without competing ions. To achieve this, non-polar solvents 

such as propylene glycol are used to ensure only the pharmacological substance is 

administered (Johnson et al., 2014).  

Laser Doppler Flowmetry  

 Laser-Doppler flowmetry has provided the field of skin blood flow research with a 

non-invasive way to measure cutaneous blood flow. This method utilises reflecting, 

scattering, and Doppler-shifting of laser emitted photons in tissues containing moving cells. 

Due to surrounding tissue being relatively stable, Doppler-shifts in frequency of scattered 

light arise only from photon interactions with moving blood cells (Fredriksson et al., 2009). 

Through spectral analysis of multiple interactions of photons with moving cells, Bonner & 

Nossal (1981) indicated that laser-Doppler is accurate and sensitive to changes in blood 

volume. The number of reflected photons and their mean shift in wavelength provide an 

index of the velocity and number of moving cells, known as red blood cell flux (Johnson et al, 

1984). Given arbitrary flux units this can accurately depict increases in blood flow.  

 A particular strength of laser-Doppler flowmetry is the ability to be used in 

conjunction with iontophoresis (Johnson et al, 1984; Civita et al., 1998; Lindblad et al., 1986). 

Small areas of the skin can be treated with specific pharmacological perturbations and can 

then be directly compared to a control site mere centimeters away during the same data 

collection session.  
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 This method does have some caveats that must be considered. Problems may arise as 

the absolute value of blood flow may vary site to site and subject to subject.   It has been 

hypothesized, but unproven, that the differences between sites are related to alterations in 

vascularity of the site itself (Johnson et al., 1984; Saumet et al., 1986). Laser-Doppler 

measures from approximately 1 mm3 of skin, the potential variation in the micro-vessels can 

lead to differences in the absolute blood flow between regions (Braverman et al, 1990). This 

can be mitigated during data collection as the pattern of blood flow change is consistent 

among different sites regardless of baseline levels and regardless of absolute blood flow 

(Johnson et al., 1984). This data can be expressed as arbitrary perfusion units (PU) where 1 

PU is equal to a 10 Mv alteration in signal. Though, the most common forms of expressing 

SkBF are raw CVC, in which PUs are divided by mean arterial pressure (MAP) to give CVC as 

PU·mmHg−1; CVC normalized to baseline skin heating (%CVCBaseline; 100·(CVC· baseline CVC

−1); or CVC normalized to maximum heating (%CVCMax: 100·(CVC· maximum CVC−1) (McGarr 

et al., 2017). Thus, the most accurate method of comparing sites is through the normalization 

of the data collected to the maximal or -in some cases- baseline values for each site. This 

functions on the premise that despite differences in the total level of blood flow,  all sites 

have the same vasomotor tone at baseline/max, hence measuring changes relative to 

baseline CVC can be compared among sites. CVC has been one of the most commonly used 

measures in the field of skin blood flow research in recent decades (Hodges & Sparks, 2013; 

Hodges et al, 2006; Kellogg et al, 2007; Kellogg et al, 1991; Shastry et al, 1998). 
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Methylphenidate 

 The well-established actions of MPD are at the noradrenaline and dopamine 

transports, where the drug acts as a reuptake inhibitor to increase the extracellular 

concentrations of noradrenaline and dopamine (Leanard et al, 2004). After oral 

administration, MPD is almost completely absorbed and is primarily metabolized via 

ritalinic-acid; peak plasma concentrations are reached 1-2 hours after ingestion with a 

plasma half-life of 1.5-2.5 hours (Challman & Lipsky, 2000). The blockade of dopamine 

transporters creates the desired therapeutic effects through the amplification of weak 

dopamine signaling pathways resulting in enhanced task specific signaling. This decreases 

the “signal to noise” ratio in target neurons and would enhance focus on a task through 

increasing the interest that it elicits (Volkow et al, 2001). These properties make MPD an 

excellent choice as medication to increase focus and cognition. This has led to a huge increase 

in prescription rates in recent years with more than 270 million prescriptions dispensed in 

2010 in the USA mainly for ADHD which is known to affect ~7% of the population (Chai et 

al. 2012).  

 Administration of MPD does not merely affect the cognition and attention span of the 

individual as it has been found to increase heart rate (HR) as well as systolic and diastolic 

blood pressure both at rest and during exercise (Leonard et al, 2004; Wallace et al., 2020). 

Animal models found that dopamine contributes to cardiovascular regulation via stimulating 

cells in the ventral tegmental area (VTA) and medulla. This VTA stimulation modulates 

cardiovascular function through decreasing the sensitivity of the baroreceptor reflex. 

Hypoxia induces release of dopamine in the dorsal medial medulla, which is the primary 

relay nucleus for baroreceptor and chemoreceptor afferents (Van Den Buuse, 1998). 
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Similarly, excess dopamine has been found to modulate cardiovascular function through its 

effects on peripheral catecholamines. As it has been hypothesized that the increased 

dopamine levels due to MPD induce a rise in epinephrine levels and systolic blood pressure, 

reflecting dopamine-induced sympatho-adrenal-stimulation (Leonard et al, 2004).Volkow et 

al, (2003) found a positive correlation between MPD induced increases in dopamine and 

systolic blood pressure. It showed that increased dopamine and noradrenaline levels due to 

MPD induced alterations in systolic blood pressure through sympatho-adrenal-stimulation 

(Kuczenski & Segal, 1997). This MPD-induced increased sympathetic function, paired with a 

similar sympathetic response due to heat stress may have further unexplored implications 

in cutaneous blood flow.    

Previous work in whole body heating and MPD ingestion have used a 20 mg dose in 

experimental trials. This dosage was able to improve cycling performance and increase heart 

rate while decreasing the perception of thermal stress (Roelands et al., 2008). Given the 

successful usage of this dose in the past, the present study builds on this by investigating if 

MPD ingestion is accompanied by an end organ microvascular response. The effect of MPD 

on cutaneous blood flow during passive heat stress has yet to be looked and leaves a gap in 

the research examining sympathetic stimulants and reflex skin blood flow response.  

L-NAME  

 NG-nitro-L-arginine methyl ester (L-NAME) is an effective NOS inhibitor that is widely 

used in the field of skin blood flow research (Kellogg et al., 1998; Kellogg et al., 1999; Pfeiffer 

et al., 1996). It has also been shown to retain its efficacy during skin blood flow research 

during heat stress (Hodges et al., 2008; Hodges et al., 2006). L-NAME requires hydrolysis of 
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the methyl ester by cellular esterases to become the fully functional inhibitor N5-

[imino(nitroamino)methyl]-L-ornithine (L-NNA), making it slightly more complex in vivo. L-

NNA is a particularly effective inhibitor of NOS (specifically neuronal NOS and endothelial 

NOS) to which it binds tightly but not covalently (Griffith & Kilbourn, 1996). L-NNA is not 

directly used as L-NAME’s solubility in media constitutes a significant advantage, and one 

can be confident that intracellular esterases will convert it to L-NNA (Hellmich & Gyermek, 

1997). Thus, L-NAME increases the ease in which it can be administered, as it can be 

delivered via the cathode of an iontophoresis drug delivery system (Medow et al., 2005). The 

slow dissociation of L-NNA means that once inhibition is established, the extent of inhibition 

is relatively constant and is not easily altered by modest fluctuations in the intracellular L-

NNA concentration. L-NAME’s solubility in media constitutes a significant advantage, and 

one can be confident that intracellular esterases will convert it to L-NNA (Hellmich & 

Gyermek, 1997).   



21 
 

Objective and Hypothesis  

 The objective of this double-blind placebo-controlled study is to examine the effect of 

dopamine reuptake inhibition on skin blood flow during passive hyperthermia, providing 

insight into MPD induced increases in skin blood flow. It is hypothesized that MPD ingestion 

will lead to increased SNS activity which in turn will lead to increased cutaneous blood flow 

through increased concentration of acetylcholine and VIP, PACAP, and NOS-derived NO. This 

will present as increased cutaneous blood flow in the MPD trial compared to control. L-

NAME will be used to block any contribution of NO to cutaneous vasodilation allowing us to 

discern its contribution.  

Testable hypotheses for this project are:  

1) MPD ingestion will lead to depressed PNS and elevated SNS activity resulting in 

increased HR, MAP, and elevated cutaneous blood flow response to heat stress.   

2) Due to MPD ingestion the same depressed PNS and elevated SNS activity will lead to 

a significant increase in the NO contribution involved in the increase in cutaneous 

blood flow.  
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Methods   

Experimental Design 

The study was a double-blind, repeated measures randomized placebo-controlled 

design. Participants were instructed to avoid vigorous exercise, alcohol consumption for 24 

h, caffeine for 12 h prior to each experimental session, and to follow similar meal and 

hydration practices 24 h prior to each session.  

Ethics and Participants 

This study was cleared by the Brock University Bioscience Ethics Research Board 

(#17-123) and conformed to the latest revision of the Declaration of Helsinki. Participants 

provided written and verbal informed consent and were screened by a physician prior to 

participating (Appendix 2). Six healthy males who were free from cardiovascular, 

respiratory, and neurological conditions participated (Table 1).  

Table 1 – Participant Characteristics 
Age (y) 23 ± 2 

Height (cm) 177 ± 9 
Weight (Kg) 72.2 ± 6.5 

 
 

Instrumentation and experimental procedures 

Upon arrival, the participant’s hydration status was confirmed using a refractometer 

(PAL-10S, USA) to measure urine specific gravity (USG) and body mass was measured. 

Participants were considered euhydrated if USG is ≤1.020. If the participant was 

hypohydrated (>1.020), 0.5 L of water was consumed, and USG was then reassessed after 30 

min. If participants were still hypohydrated, testing was rescheduled. 
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Participants consumed 20 mg of MPD hydrocholine or placebo (lactose pill) mixed in 

80 g of apple sauce at maximum of 1 h prior to the start of the heating during the 

experimental trial. This dose has been used in the past and was able to successfully elicit 

significant perceptual and physiological changes during a ~3 hour protocol (Roelands et al. 

2008). Drug preparation was performed by an investigator independent of the data 

collection; the treatment and placebo were labelled A or B and known only to that 

investigator. Thus, both participants and investigators involved with data collection and 

analysis were blinded to the treatment.  

 A pharmacological micro-iontophoresis system (PeriIont, Perimed) was used to 

trans-dermally administer pharmacological agents. The iontophoresis drug delivery 

microelectrodes (PF 383, Perimed) were filled with 200 μL of 2% L-NAME solution (Sigma-

Aldrich, Canada Co., Oakville, Canada), to locally inhibit NOS activity, and was delivered 

trans-dermally on the ventral aspect of the forearm avoiding visible subcutaneous veins and 

skin pigmentation using anodal iontophoresis of 100 μA for 10 min  (Medow et al. 2005; 

Iredahl et al. 2013; Hodges et al. 2017c). Neutral electrodes for current dispersion were 

placed >10 cm away (wrist).  Prior to any laser-Doppler recording, a minimum 50 min was 

allowed for the current-induced hyperemia to subside.   

 Participants were instructed to self-insert a rectal thermistor (Mon-A-Therm Core, 

Mallinkrodt Medical, USA) 15 cm beyond the anal sphincter to assess rectal temperature (Tc). 

Participants were then instrumented with a standard three-lead electrocardiogram to 

calculate HR. Blood pressure measurements were obtained via oscillometry (BPTru, VSM 

MedTech, Coquitlam BC) from the contra-lateral arm under the heating garment, in 
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duplicate, every 30 min. Participants were  fitted with T-type thermocouples (PVC-T-24-190, 

Omega Environmental Inc., CA) taped to the chest, thigh, upper back, lower back, abdomen 

and calf to calculate weighted mean skin temperature (�̅�sk) (Ramanathan, 1964).  

Upon instrumentation, wearing only shorts, participants were then dressed in a liquid 

conditioning garment (BCS 4 Cooling System, Allen Vanguard, Ottawa, CA) leaving the right 

forearm, head, hands, and feet uncovered. To minimize evaporative heat loss, a polyvinyl 

rain suit and a thermal blanket was worn over the liquid conditioning garment. Water 

temperature was kept constant by an immersion circulator (MX, WVR International, 

Mississauga, CA) and pumped (Everbilt ½ HP SUP80, Alhambra, USA) at a flow rate of 2.5 

L∙min-1. Following instrumentation, subjects rested semi-recumbent for ~15 min for the first 

baseline (BASE) data window, then underwent whole-body passive heat stress by perfusing 

49˚C water through the liquid conditioning garment until an increase in Tc of +1.5°C. Room 

temperature water was provided to the participants ad libitum throughout the trials. 

Laser-Doppler flowmetry was used for an index of forearm skin blood flow (PeriFlux 

5010 laser-Doppler perfusion monitor; Perimed; Järfälla, Sweden), and was expressed as 

laser-Doppler flux (LDF) in arbitrary perfusion units (PU). LDF provides an accurate index 

of skin blood flow and is not contaminated by underlying skeletal muscle blood flow (Saumet 

et al. 1988).   A calibration device (PF 1000, Perimed) standard was used to adjust the laser-

Doppler fluxmeter readings to coincide with the readings obtained with Perimed's Motility 

Standard. Manipulation of local skin temperature (Tloc) was achieved with local heating units 

and heating probe holders (PF5020 local heating units and PeriFlux 5020 Temperature Unit; 

Perimed) that controlled and monitored skin surface temperature.   
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Blood pressures measurements (BPTru) were taken, in duplicate, every 30 min. Mean 

arterial pressure (MAP) was calculated as:  

(systolic blood pressure * 0.67) + (diastolic blood pressure * 0.33).  

 

Data Collection and analysis  

Skin blood flow was measured from the ventral aspect of the forearm. Laser-Doppler 

data were collected at 40 Hz (LabChart v8, ADInstruments) and stored for offline analysis. 

Laser-Doppler data measurements were collected in perfusion units (PU) with a time-

constant of 0.2 s. Laser-Doppler fluxmetry data were converted to cutaneous vascular 

conductance (CVC) by dividing LDF (PU) by the calculated MAP (mmHg). CVC is presented 

as absolute values and normalized to baseline and expressed as a percentage (%ΔCVC) for 

each skin site.  

The percent contribution of NOS was calculated as: 

  

The onset and plateau of the skin blood flow response represents (in seconds) the 

time from the start of heating to when a visible change in skin blood flow slope was apparent. 

Figure 5: Timeline of Data Collection for both the MPD and control visit. Post instrumentation, participants were 
instructed to consume 20mg of MPD in applesauce or a placebo applesauce. Two skin sites, one treated with L-
NAME via Iontophoresis and one untreated were used each visit. Following an iontophoresis recovery period and 
MPD wash in period whole-body passive heat stress was induced by perfusing 49˚C water through the liquid 
conditioning garment until an increase in Tc of +1.5°C. Blood pressure was taken every 30 min post heating start.  
LDF = Laser-Doppler flowmetry; MPD = Methylphenidate; Tc = Core Temperature, BASE = Baseline Data Window.  

(
(%𝛥𝐶𝑉𝐶 𝐶𝑜𝑛𝑡𝑟𝑜𝑙 −  %𝛥𝐶𝑉𝐶 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡) 

%𝛥𝐶𝑉𝐶 𝐶𝑜𝑛𝑡𝑟𝑜𝑙
) × 100 
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A single investigator, who was blinded to the treatment (L-NAME vs. Control) and drug (MPD 

vs. Placebo) chose the point at which the slope was perceived to both increase and plateau 

(i.e., visual determination) for all the trials. This method has been previously used by Hodges 

et al. (2008). A coefficient of variation (CV) was used to assess the intra-observer 

reproducibility of determining the onset and plateau, which was done in triplicate. The CV 

was found to be 6%, which is considered good (≤ 10%) (Iellamo et al. 1996).  

The total blood flow response was also determined by calculating the area-under-the-

curve (AUC) continuously from heating start until the experiment was complete. Data for the 

total hyperaemic response were expressed as CVC·s−1. 

Statistical Analysis  

  All data are presented as means ± Standard Error. Due to the small sample size 

measures of variance (Standard Error) are not presented in figures 7, 8, and 10 for clarity; 

these figures with measures of variance are shown in the appendix (1A,1B, and 1C, 

respectively).  A three-way repeated measures ANOVA comparing drug (Placebo and MPD), 

treatment (untreated and L-NAME), and temperature (change in Tc) was used to assess CVC. 

A two-way repeated measures ANOVA comparing drug (placebo and MPD) and temperature 

(change in Tc) was used to assess NO contribution, HR, MAP, core, skin, and forearm 

temperature. The differences in temporal measures of time to vasodilation onset and plateau 

as well as the AUC measures were examined using a two-way repeated measures ANOVA 

comparing drug (Placebo and MPD) and treatment (untreated and L-NAME). Bonferroni post 

hoc were used to determine where differences occurred if a significant interaction was 

found.   



27 
 

Results  

Systemic Responses  

  Due to high variability in heating times, SkBF response, and low sample sizes, 

systemic responses from a representative subject are shown (Fig. 6) while group data is 

outlined below. The heating protocol was successful in eliciting the desired core temperature 

increase. Participants were heated to 1.5 ± 0.1°C above baseline rectal temperature (Placebo 

36.7 ± 0.1°C vs. 38.2 ± 0.1°C; MPD 36.6 ± 0.1°C vs. 38.0 ± 0.1°C) (Fig. 6A). Whole-body Tsk 

increased during passive heat stress (Placebo 35.0 ± 1.9°C vs. 38.7 ± 0.3°C; MPD 33.8 ± 1.3°C 

vs. 38.6 ± 0.5°C) and had a significant main effect with the increase in core temperature 

mentioned above (F5,25= 35.32, p < 0.05) (Fig. 6B). Mean forearm temperature remained 

lower than mean skin temperatures throughout the passive heat stress (Placebo 28.5 ± 4.3°C 

vs. 34.4 ± 1.1°C; MPD 29.6 ± 3.6°C vs. 34.4 ± 0.9°C) (Fig.6C), although it still had a significant 

main effect with the increase in core temperature (F5,25= 21.52, p < 0.001). There were no 

drug main effects or interactions on any temperature measures.  

HR increased from baseline throughout heating for both the Placebo and MPD trials 

(Fig.6D). There was a significant main effect of temperature (F5,25 = 41.41, p < 0.05). 

Unexpectedly, the difference in HR was not statistically significant between Placebo and MPD 

(drug effect; F1,5 = 0.001, p = 0.973) throughout the heating (Fig. 6D). There was no 

significant Drug-by-Temperature interaction effect (F5,25 = 0.521, p = 0.758).  
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Figure 6: Illustration of systemic results of whole body heating with and without MPD ingestion taken from a 
representative subject. (A) Core Temperature response reached the desired core temperature increase of + 1.5˚C in 
both trials. (B) Whole body mean skin temperature was similar between both trials.  (C) Forearm Temperature 
fluctuated but remained below the onset temperature for local vasodilation (D) Heart Rate appeared to be greater 
in this subject under MPD, which was the expected response. MPD = Methylphenidate. 
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MPD and placebo trials had similar MAP values throughout the heating protocol (Fig. 

7). There was no significant main effect of temperature (F5,25= 2.187, p = 0.880) or drug (F1,5 

= 0.078, p = 0.792) Fig. 6D), nor was there any Drug-by-Temperature interaction effect (F5,25 

= 0.511, p = 0.765). 

 

Figure 7: MAP results with and without MPD for all 6 participants. Note there are no differences between the two 
treatments in either the absolute values or the pattern of response to increase core temperature. This graph is 
shown with standard error bars in Appendix 1A.  MAP = Mean Arterial Pressure; MPD = Methylphenidate.   

Skin Blood Flow Results  

CVC values increased significantly as whole-body heating progressed (Temperature 

effect; F5,25 = 23.07, p < 0.05) (Fig.8). As expected, the CVC values were greatly affected by L-

NAME (Treatment effect; F1,5 = 10.59, p < 0.05). This is most apparent at the temperature 

point of +1.5°C (Placebo Control 732 ± 198%; Placebo L-NAME 543 ± 189 %; MPD Control 

777 ± 299 %; MPD L-NAME 551 ± 207 %). MPD did not have a significant effect on CVC values 

(Drug effect; F1,5 = 0.047, p = 0.836). The only interaction found was Treatment-by-

Temperature (F5,25 = 5.095, p < 0.05), although this was expected due to the large heat 



30 
 

stimulus and the past efficacy of L-NAME as a NOS inhibitor. There was no Drug-by-

Treatment-by-Temperature interaction (F5,25 = 0.234, p = 0.944). 

 

Figure 8: CVC response to core temperature increase with and without MPD and L-NAME. Note the difference in 
response between the MPD control and placebo control at the Δ + 0.6˚C time point, this may represent a slight 
temporal difference in response that was then masked by a temperature stimulus that was too great. As, expected 
L-NAME was effective in lowering both MPD and placebo. This graph is shown with standard error bars in 
Appendix 1B.  MPD = Methylphenidate; CVC = Cutaneous Vascular Conductance.  

 AUC values had a significant main effect with temperature as whole-body heating 

progressed (Temperature effect; F5,25= 49.80, p < 0.001). Treatment did not have a significant 

effect on AUC values (Treatment effect; F1,5 = 0.172, p = 0.696).  There was a lack of a 

consistent response across all participants. Although not statistically significant, it can be 

noted that the mean AUC values were lower in the MPD trials across both treatment 

conditions, (Drug effect; F1,5 = 1.605, p = 0.261) (Fig.9). No interactions were found between 

temperature, drug, and treatment. There was no Drug-by-Treatment-by-Temperature 

interaction (F5,25= 0.014, p = 1.000). 
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Figure 9: Total blood flow response to increased core temperature with and without MPD ingestion and L-NAME 
treatment presented as  AUC of the CVC response. The response of each individual participant is shown, mean 
values are also shown (right). MPD = Methylphenidate; CVC = Cutaneous Vascular Conductance; AUC = Area under 
the curve. 

NO Contribution   

NO contribution remained constant throughout the heat protocol (Fig.10). For both 

MPD and placebo trials NO contributed between ~ 21-27% of the skin blood flow response 

to whole body heat stress. There was a significant main effect of temperature (F5,25 = 4.334, 

p < 0.05), conversely there was no significant drug effect (F1,5 = 0.002, p = 0.970) nor Drug-

by-Temperature interaction effect (F5,25 = 22.14, p = 0.108).  
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Figure 10: NO contribution percentage with and without MPD calculated as “[(%ΔCVC control – %ΔCVC L-NAME 
treatment) / %ΔCVC control] x 100”. This graph is shown with standard error bars in Appendix 1C.  MPD = 
Methylphenidate; CVC = Cutaneous Vascular Conductance; NO = Nitric Oxide. 

Kinetic Measures   

    The onset of the SkBF response was measured from the start of passive heat stress 

until the slope of SkBF began to visibly increase. Based on the figure below (Fig. 11) it is very 

apparent that there was no consistent response, which may indicate some non-responders 

to MPD in our participants. When all participant’s time to onset is averaged, MPD had shorter 

time to onset of vasodilation at the L-NAME (1,324 ± 356 s vs. 1,445 ± 166 s) sites, though it 

was not statistically significant (Drug effect; F1,5 = 0.205, p = 0.670). Though not significantly, 

L-NAME lengthened the onset time during the placebo trial (1,356 ± 365 s vs. 1,445 ± 166 s) 

but had no effect during the MPD trial (1,323 ± 332 s vs. 1,324 ± 356 s) (Treatment effect; 

F1,5 = 0.404, p = 0.553). There was no significant Drug-by-Treatment interaction (F1,5 = 1.032, 

p = 0.356). 
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Figure 11: Time to onset of vasodilation in response to whole body heating with and without systemic MPD and 
localised L-NAME. Results for each individual participant are shown. MPD = Methylphenidate.  

 The plateau of the SkBF response was measured from the start of passive heat stress 

until SkBF ceases to increase. MPD had shorter plateau times in both the control (2,713 ± 

714 s vs. 2,937 ± 404 s) and at the L-NAME (2,511 ± 512 s vs. 3,019 ± 390 s) site, though it 

was statistically not significant (Drug effect; F1,5 = 2.174, p = 0.200) (Fig.12). Though not 

significantly, L-NAME lengthened the time to plateau during the placebo trial (2,937 ± 404 s 

vs. 3,019 ± 390 s) but shortened the time to plateau during the MPD trial (2,713 ± 714 s vs. 

2,511 ± 512 s) (Treatment effect; F1,5 = 0.107 p = 0.757). There was no significant Drug-by-

Treatment interaction (F1,5 = 0.485, p = 0.517).  
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Figure 12: Time to plateau of vasodilation in response to whole body heating with and without systemic 
methylphenidate MPD and localised L-NAME. Results for each individual participant are shown. MPD = 
Methylphenidate.  
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Discussion  

Summary  

 In this study, the potential interaction between MPD-induced increased sympathetic 

drive and the NO contribution to reflex cutaneous vasodilation during passive heat stress 

was examined. It was hypothesised that MPD would act as a sympathetic agonist, leading to 

a more pronounced reflex SkBF response by increasing cholinergic co-transmitter release, 

elevating NO-dependent SkBF responses. The involvement of NO was confirmed by the 

significant decrease in skin blood flow due to L-NAME. This was to be expected as the efficacy 

of L-NAME as a potent NOS inhibitor during reflex vasodilation has been proven in the past 

(Shastry et al., 1998; Kellogg et al., 1998). However, MPD did not significantly increase the 

reflex SkBF response to passive heat stress. The lack of differences between the MPD and 

placebo trials in both CVC and NO contribution may be due to the large heat stimulus, which 

may have masked the effect of MPD. The early stages of the heating protocol may have been 

the only time in which MPD could have made a noticeable difference. This can be seen in the 

slight separation between the MPD and placebo trial on the control site at the 0.6°C mark 

(Fig.8). These data suggest that while a role of NO in reflex SkBF response to whole body heat 

stress is present, it is unaffected by MPD ingestion.   

NO Contribution  

 Based on the present data we can confirm the role of NO within reflex vasodilation as 

L-NAME was able to significantly attenuate the overall skin blood flow response during 

passive heat stress. Prior studies have demonstrated the efficacy of L-NAME and other L-

arginine derivatives as potent NOS inhibitors during both passive whole body heating and 
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passive local heating (Hodges et al., 2006; Shastry et al., 1998; Kellogg et al., 1998). The 

percent contribution of NO to reflex vasodilation has been found to be ~30% in similar 

studies (Johnson et al., 2014; Kellogg et al., 1998; Shastry et al., 1998).  The contribution of 

NO found in the present study ranged from ~21-27 % in both MPD and placebo trials. While 

this is slightly lower, it generally falls into the expected range given the large variance and 

small sample size of the present results.  

MPD was unable to alter the percentage of NO contribution to reflex cutaneous 

vasodilation during whole body heat stress. It was hypothesized that the increase in 

sympathetic activity due to MPD ingestion would lead to increased co-transmitter release 

from the sympathetic cholinergic active vasodilator nerves. The lack of a response to MPD 

can suggest multiple theories. First, the passive heat stimulus of + 1.5°C derived from a liquid 

conditioning garment pumping 49.0°C water may have been too great to discern any 

difference brought on by MPD. If so, then the level of heat stress induced during this study 

fully activated the sympathetic cholinergic vasodilator nerves, leaving no possible capacity 

for MPD to induce a change. Previous research looking into the reflex skin blood flow 

response have used a milder heat stimulus of < 1.0°C core temperature increase (Kellogg et 

al., 1998; Shastry et al., 1998), with only Wong et al, (2004) using a similar whole body heat 

stimulus as the present study (~49°C). Interestingly, Wong et al, (2004) had similar plateau 

times at ~45 mins, which could be evidence of the system being maxed out at a similar time 

and temperature. Secondly, work in animal models had found an increase in ACh released in 

the brain post MPD ingestion, but they did not check if this increase also occurred 

peripherally (Tzavara et al., 2006). Cholinergic receptors subdivide into nicotinic and 

muscarinic receptors. Nicotinic receptors function within the central nervous system and at 
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the neuromuscular junction, while muscarinic receptors function in both the peripheral and 

central nervous system. In a study by Kellogg et al, (1995) ACh iontophoresis failed to 

increase CVC at sites pretreated with atropine (muscarinic inhibitor), which indicated that 

muscarinic receptors on the vessels themselves were responsible for mediating active 

vasodilation. This demonstrated that muscarinic receptors are the only cholinergic receptors 

of functional importance in the cutaneous vasculature. Based on the CVC results, the efficacy 

of L-NAME found in the present study, and previous literature, it can be speculated that the 

combined effect of heat stress and MPD was able to alter ACh levels for nicotinic cholinergic 

mechanisms in the brain but not for muscarinic cholinergic mechanisms in the skin. Thus, it 

can be concluded (given the limitations of the small sample) that MPD did not increase the 

role NO in reflex cutaneous vasodilation.  

Skin Blood Flow Responses  

Differences in metabolism or a possible responder/non-responder instance with 

MPD may have increased variability in the data. In the present study each participant was 

given 20 mg regardless of mass and potential differences in metabolism. Previous work in 

whole body heating and MPD ingestion used a 20 mg dose and was able to increase 

performance and HR while decreasing perception of thermal stress (Roelands et al., 2008). 

Both the present study and the previous work done by Roelands et al, (2008) used all young 

adult male participants, with the one difference being that Roelands participants were 

trained cyclists.  Given the successful usage of this dose in the past, the present study builds 

on this by investigating if MPD ingestion is accompanied by an end organ microvascular 

response. The CVC response for all treatments increased significantly as core temperature 

was increased, and this was paired with a significant attenuation between respective control 
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and L-NAME sites. It should be noted that the CVC results for the MPD trial had a larger 

standard error than the placebo trial across both control and L-NAME sites. This could be 

due to the potential inter-individual differences in response to MPD ingestion. These 

differences make it common practice for clinicians to titrate the dosage on a mg/kg basis 

(Kimko et al., 1999). Furthermore, variability in peak plasma concentrations post-ingestion 

have been found (Srinivas et al., 1993). This may have led to marked differences in 

participant responsiveness to MPD, leading to the larger variance in the MPD trial across 

both the control and L-NAME sites found in our results. Of the 6 participants it can be 

speculated that we had 2 non-responders due to lower HR values following MPD ingestion 

and heat stress. This speculative responder/ non-responder data is presented in the 

appendix (1D).  

AUC results are in line with those of CVC as MPD was unable to induce a significant 

increase in SkBF; however, this may well be due to the small sample and large variation in 

the MPD data (note the separation between control and MPD in figure 8 at the 0.6°C mark). 

This strengthens the theory that the heat stimulus provided was too great and potentially 

masked the response. Interestingly, the AUC results also yielded no significant difference 

between L-NAME and control sites. This was a surprising result as the treatment effect was 

so apparent in the CVC results. Heating time should also be considered as the calculation of 

AUC adds continuously throughout the heat protocol (CVC ∙ s-1), as flow is higher near the 

end of the heating protocol an individual with a longer heating time will present with a larger 

SkBF response.  This may have led to the lack of difference between the L-NAME and the 

untreated sites.  
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Kinetic Response  

 Time to onset of cutaneous vasodilation was unchanged by either MPD ingestion or 

L-NAME treatment. The onset of SkBF response (~22 min) are in line with studies with 

similar protocols (Kellogg et al., 1998; Shastry et al.,1998). It can be speculated that the lack 

of difference in response time is due to the potency of the temperature stimulus provided. A 

Tc increase of ~0.2°C is enough to initiate the reflex SkBF response without MPD ingestion 

(Tayefeh et al., 1998). Our data follows this trend as Tc increased by ~ 0.2°C at the time of 

skin blood flow onset in both MPD and placebo trials. Thus, the core temperature increase 

provided a potent stimulus that may have masked any increase due to the ingestion of the 

sympathetic agonist MPD.  Though not statistically significant, it is worth mentioning that 

SkBF onset was ~100 seconds slower on the L-NAME treated site in the placebo condition, 

while the L-NAME site in the MPD trials was equally as fast as the untreated site. It could be 

postulated that MPD increases non-NOS control mechanisms of active vasodilation resulting 

in an equally fast response even during NOS inhibition. As VIP is co-localized with ACh in 

cholinergic nerve terminals, MPD may lead to increases in VIP resulting in VPAC2/PAC1 

receptor activation, leading to an equally fast onset time despite NOS inhibition (Hartschuh 

et al., 1984; Johnson et al,. 2014; Vaalasti et al., 1985).   Moving forward a more in-depth look 

into the temporal aspects of skin blood flow during MPD ingestion may reveal a significant 

change.  

Time to plateau was unaffected by MPD ingestion during whole body heat stress. Our 

results matched previous studies that have combined NOS inhibition and whole body 

heating, finding similar SkBF plateau times (~45 minutes) at both the control site and L-

NAME site. Studies that induced a core temperature change of 1°C found CVC to plateau at 
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~45 min (Bennett et al., 2003; Shastry et al., 1998). However, Kellogg et al, (1998) found two 

separate increases which ultimately plateaued at ~90 min. This continuous increase had a 

staircase shape, also plateauing at ~40 min before rising again at ~70 min. The present data 

seems to match the former of the two findings. Despite the MPD ingestion, the present study 

shows no statistical difference from the previous literature mentioned above in observing 

plateau times in reflex skin blood flow response to whole body heating. Conversely, while 

not statistically significant – possibly due to our small sample – it must be noted that the 

time-to-plateau with MPD was ~200 s shorter for the untreated site and ~500 s shorter in 

the L-NAME site.  These are potentially physiologically important durations as this study is 

the first to introduce a sympathetic agonist (MPD). This may be due to two factors. Firstly it 

can be postulated that increased release of co-transmitters PACAP and VIP increased activity 

in non-NOS driven SkBF pathways (Johnson et al., 2014, Bennet et al., 2003). Secondly, the 

shorter time to plateau in the L-NAME may be in part be due to the decreased overall CVC 

response. When the reflex SkBF response is attenuated with L-NAME, a faster plateau time 

can be expected as NO pathway cannot be used to reach full SkBF expression, maxing out the 

other co-transmitter pathways and leading to an earlier plateau as it has less ability to 

continue to climb.  Future work should examine this relationship with more participants.   

Systemic Cardiovascular Responses  

 HR increased significantly with the increase in core temperature but was not 

increased due to MPD. Increased HR and cardiac output has been demonstrated multiple 

times in other passive heat stress protocols (Low et al., 2011; Wallace et al., 2020; Mallette 

et al., 2017). Increases in HR are required to maintain adequate arterial pressure to offset 

large decreases in systemic vascular resistance and the redistribution of blood to the skin 
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(blood flow to renal and splanchnic vascular beds decreases) (Crandall & Wilson, 2014). Heat 

stress can induce increases in HR through both noradrenergic signaling pathways and 

circulating catecholamines (Rowell, 1990). Interestingly, even after the ingestion of a known 

sympathetic agonist MPD, mean HR values were not statistically different between the 

Placebo and MPD trials. This lack of significance is surprising as MPD is widely known to 

increase HR as well as systolic and diastolic blood pressure through the modulation of 

peripheral catecholamines (Findling et al., 2001). Animal models found that dopamine 

contributes to cardiovascular regulation via stimulating cells in the VTA and medulla. This 

VTA stimulation modulates cardiovascular function through decreasing the sensitivity of the 

baroreceptor reflex (Leonard et al, 2004; Van Den Buuse, 1998). In contrast to our results, 

significant increases in HR have been found during MPD ingestion in conjunction with heat 

stress during exercise (Roelands et al., 2008). Although, this response may have been driven 

by perceptual changes to the external heat stress and the ability to work harder in a cycling 

time trial. This would lead to higher HR but it would be a consequence of physical work and 

not systemic alterations. Alternatively, the temperature stimulus could have overpowered 

any discernable change due to MPD in both HR and SkBF.  

 MAP remained unaffected by both temperature and drug ingestion. This response 

was interesting to observe as heat stress has been found to decrease MAP (Crandall & 

Wilson, 2015), while MPD ingestion has been known to increase MAP (Findling et al., 2001). 

During heat stress MAP has been known to decrease by an average of 5-10 mmHg depending 

on the level of heating due to large decreases in systemic vascular resistance cause by 

vasodilation (Rowell, 1974; Kenny, 1985). Volkow et al, (2003) found a positive correlation 

between MPD -induced increases in dopamine and systolic blood pressure. It is speculated 
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that increased dopamine levels due to me MPD can induce a rise in epinephrine levels and 

systolic blood pressure, which reflects dopamine induced sympatho-adrenal-stimulation. 

Though insignificant, the MPD trials did have slightly higher mean MAP values across 4 of 

the 6 temperature markers (0, 0.3, 0.6, 1.2 °C). Future studies should consider a larger dose 

of MPD or decreased heat stress stimulus.    

Conclusion  

 The interaction between MPD ingestion and the NO contribution to reflex cutaneous 

vasodilation during passive heat stress was examined. A dual site system (L-NAME and 

untreated) using passive heat stress, with and without MPD ingestion was used to elicit a 

reflex SkBF response.  The results of this study confirm that there is a role for NO within the 

reflex SkBF response. This conclusion stems from the significant reduction in NO-derived 

increases in skin blood flow by L-NAME. SkBF was unaffected by MPD ingestion or 

potentially masked by the large core temperature change, which is shown via the lack of any 

significant difference between the MPD and Placebo. To further examine the relationship 

between MPD and NO, a lower overall heat stimulus may be needed and  paired with a more 

fine-tuned drug delivery system such as microdialysis to possibly uncover a link between the 

two.    

Strengths, Limitations, and Future Directions  

Strengths  

 The double-blind, repeated measures randomized placebo-controlled design allowed 

for reduced variability between experimental sessions. Furthermore, the timing between 

visits was 7.8 ± 1.6 days which ensured minimal difference in acclimatization or lifestyle 
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changes between visits. The passive heating strategy ensured that the participant moved 

their forearm as little as possible and ensured equal relative heating between participants. 

This decreases the chance for movement artifacts in the laser-Doppler data. The use of laser-

Doppler fluxmetry ensured that only skin blood flow was measured and not the underlying 

muscle blood flow, which is known to increase during passive heating protocols (Pearson et 

al., 2011). 

 No previous study has tested the reflex SkBF response and NO contribution during 

core temperature increases over Δ + 1°C. This study was able to gain insights into the 

maximal response that could be obtained via the reflex SkBF pathway due to having a greater 

heat stimulus (ΔTc + 1.5°C) for a longer duration (~2.5 h) than previous research in SkBF 

(Kellogg et al., 1998; Shastry et al., 1998; Wong et al., 2004).  

Limitations  

Due to data collection restrictions during the COVID-19 pandemic, data collection was 

halted. Therefore, the number of participants had to be kept at a N of 6. This resulted in a low 

overall power of the study and increased the standard error and overall variation in the 

response. Furthermore, the 6 participants that were tested were exclusively young, healthy 

(Caucasian) males, making the data potentially applicable to only this particular group. 

Power analysis indicated that recruitment of ~20 participants would be needed. Data 

collection occurred between the months of August 2019 and February 2020 which may have 

resulted in some seasonal acclimatization differences between participants.   While 

providing insight into potential maximal changes, providing a much greater heat stimulus on 

the participant than similar reflex SkBF studies in the field introduce potential limitations 
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(Kellogg et al., 1995; Kellogg et al., 1998; Shastry et al., 1998). Previous studies did not 

increase core temperature past Δ + 1˚C. The temperature change used in the present study 

may have been brought about cutaneous blood flow changes too fast or too great to discern 

any noticeable change due to MPD. If maximal blood flow was achieved through reflex 

vasodilation due to heat stress, the MPD ingestion may have no way of increasing this 

response.  

Due to the inter-individual variability of peak plasma concentrations post MPD 

ingestion, this study was limited by the lack of blood samples to assess bioavailability of MPD 

during the heat stress (Srinivas et al., 1993). This would have provided a method of excluding 

non-responders to MPD and would also allow data to be presented in a multiple regression 

with Tc and MPD levels, providing a more in depth look into the response to MPD. This could 

be compared to the bioavailable NO during whole body heat stress, providing a look directly 

into the NO levels in relation to MPD bioavailability. Similar studies have used a protocol of 

taking blood samples in a serial pattern at 30 minutes to examine co-transmitter levels (Chan 

et al., 1983; Tzavara et al., 2006). Due to our heating protocol lasting 2-3 h for each 

participant, a sample every 20 minutes would provide sufficient data.   

Iontophoresis is a useful tool for non-invasive drug delivery to the skin, but it does 

have some potential caveats that could be improved upon by using more precise drug 

delivery methods such as microdialysis. The integrity of the skin surface, such as thickness 

and number of hair follicles have been found to influence iontophoresis. It was found by 

Feldman et al, (1967) that diffusion of hydrocortisone occurred maximally in areas with 

numerous hair follicles, while to a lesser extent in areas with thickest stratum corneum 
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(outer layer of skin). Skin thickness in males aged 21-30 was found to be 1 mm with a 10% 

standard error between subjects (Tan et al., 1982). It must also be considered that local 

differences in blood flow may lead to variation in drug clearance speeds (Roustit et al., 2014).  

Skin thickness in males aged 21-30 was found to be 1 mm with a 10% standard error 

between subjects (Tan et al., 1982). These factors may influence the efficacy of iontophoresis, 

but the potency of L-NAME as a NOS inhibitor ensured the desired treatment effect; 

regardless these caveats must be considered.   

Future Directions  

 Future studies should attempt to rectify the limitations mentioned above and should 

also consider several next steps. Due to the potential for the putative co-transmitters VIP and 

PACAP to play a roll in the creation of NOS-derived NO as well as the ability to induce 

vasodilation themselves, it may be worth looking to the contribution of each of these co-

transmitters. This would require tools that allow for more accurate drug delivery to the skin 

such as microdialysis. If microdialysis is used, VIP antagonist VIP (10-28) and PACAP 

antagonist PACAP (6-38) could be administered to the skin, allowing for a more complete 

picture of the mechanisms and their contributions to reflex SkBF (Bennet et al., 2003; Kellogg 

et al., 2010; Kellogg et al., 2008). While more intricate, this process may be able to find more 

subtle differences brought on by the increased sympathetic drive induced through MPD 

ingestion.  

 MPD is primarily prescribed to those with ADHD and more specifically to children; 

due to differences in skin blood flow control between children and adults, MPD may still have 

a significant effect in children. During exercise, the skin blood flow response of children has 
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been found to be more pronounced, more rapid, and more reliant on NO than that of adults 

(Woloschuk et al., 2020). Thus, MPD ingestion may lead to a more rapid skin blood flow 

response due to the mechanisms hypothesized by the present study, although the response 

may actually be significant in this case. Future studies could use similar principles as the 

present study to test if MPD causes a meaningful difference in skin blood flow in children 

that may not be present in adults.  

Sex differences in skin blood flow present interesting future research opportunities 

as females have been found to have shorter onset times for vasodilation during the luteal 

phase and increase variation in baseline core temperature. As the reflex skin blood flow 

response is driven by alterations in core temperature and not local/peripheral skin 

temperature, it must be considered that core temperature fluctuations during the menstrual 

cycle may alter this response. Increased core temperature during the luteal phase has been 

shown to decrease core body temperature threshold for the onset of vasodilation. 

Furthermore, it has been suggested that reproductive hormones in women (primarily 

progesterone) might modulate the central control of vasomotor function (Inoue et al., 2005). 

This hormonal modulation of vasomotor function may be even more prevalent in post-

menopausal women as aging has been linked to decreases in bioavailable NO (Holowatz, 

2010; Holowatz & Kenney, 2010). These potential differences in reflex skin blood flow 

response must be tested, this also may be further altered through MPD ingestion. Although, 

Gagnon et al, (2013) found no difference between males and females in cutaneous 

vasodilation in response to ACh infusion via microdialysis during passive heating. ACh 

infusion activates the NO pathway and should have shown a discernable response if one was 
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present in the NO pathway. Based on these studies it is apparent that more research must be 

done looking into cutaneous blood flow and potential sex differences.  

Differences in reflex skin blood flow and the effect of MPD ingestion may be found by 

altering the heat stimulus from a passive to an active heating protocol. In contrast to the 

passive heat stress studies in which skin blood flow attenuation from atropinisation was 

found (Kellogg et al., 1998; Shastry et al., 1998), Kolka et al. (1987) observed intra-muscular 

atroponin injection reduced sweating but led to an overall increase in skin blood flow during 

exercise induced hyperthermia. This could be an indication that the reflex skin blood flow 

response may have different mechanisms for SkBF onset during both passive and active 

heating processes. Thus, a future study that uses exercise induced hyperthermia may help 

elucidate these differences.  
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Appendix  

1A: MAP Values with Error Bars  

 

1B: CVC Values with Error Bars  
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1C: NO contribution with Error Bars  

 

1D: Mean HR values 

 

 

Each line represents the mean HR of a participant during the entire trial. MPD reduced 
the mean HR of 2 participants, leading to assumption that they may have bene non-
responders.  
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2: Screening Form 

Environmental Ergonomics Laboratory Screening Form  

  

Please read over the questions below*. They are to assist in assessing whether you are 
fit to participate in this study. Please ask the investigators if you have any queries 
before you begin filling out the form.  
  
1. Has your doctor ever said that you have a heart and/or 
cardiovascular condition (congestive heart failure, hypertension, 
sickle-cell anemia etc.) and that you should only do physical 
activity recommended by a doctor?  YES     NO  
2. Do you feel pain in your chest when you do physical 
activity?  YES     NO  
3. In the past month, have you had chest pain when you 
were not doing physical activity?  YES     NO  
4. Do you lose your balance because of dizziness or do you 
ever lose consciousness?  YES     NO  
5. Do you have a bone or joint problem (for example, back, 
knee or hip) that could be made worse by a change in your 
physical activity?  YES     NO  
6. Is your doctor currently prescribing drugs (for example, 
water pills) for your blood pressure or heart condition?  YES     NO  

7. Do you know of any other reason why you should not do 
physical activity?  YES     NO  
8. Have you ever experienced, or been diagnosed with 
neuromuscular (e.g., Multiple Sclerosis, Cerebral Palsy) or 
skeletal (e.g., inflammatory or degenerative arthritis) disorders?    
9. Do you have epilepsy or have you ever had a convulsion 
or a seizure?  YES     NO  
10. Have you ever previously been prescribed Ritalin (usually 
for control of attention deficit hyperactivity disorder 
(ADHD) within the past 12 months?  YES     NO  
11. Have you ever been diagnosed with a mental condition 
(e.g., depression, psychosis)  YES     NO  

  

12. Are you currently taking any medications?  
13. If “Yes”, please list: 
___________________________________  

YES     NO  

14. Do you have any allergies (allergies to medications 
included)?  
15. If “Yes”, please list: 
___________________________________  

YES     NO  
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3: Ritalin Safety Form 

 

Specific Ritalin Contraindications  
Ritalin use is specifically NOT recommended for the following conditions. Do any apply 
to you? If so, please inform Dr. Greenway:  

• Anxiety, tension, agitation.  
• Thyrotoxicosis  
• Advanced arteriosclerosis.  
• Pre-existing cardiovascular disorders including moderate to severe hypertension, 
angina, arterial occlusive disease, heart failure, congenital heart disease, 
cardiomyopathies, myocardial infarction, potentially life-threatening arrhythmias and 
channelopathies (disorders caused by the dysfunction of ion channels).  
• Glaucoma.  
• Pheochromocytoma.  
• Motor tics and/or family history or diagnosis of Tourette’s syndrome.  
• During treatment with monoamine oxidase (MAO) inhibitors, and/or within a 
minimum of 14 days following ending usage of those drugs, due to risk of 
hypertensive crises.  

  

EEL 118: The effect of dopamine activity on neuromuscular function in the heat  

  

Participant Name:    
  

    

Participant Signature:    
  

Date:    
  

        
Study Physician 
Signature:  

  
(Dr. Matt Greenway, MD, 

PhD)  

Date:    
  

        
Principal Investigator 
Signature:  

  
(Dr. Stephen Cheung, PhD)  

Date:    
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4: Graph Code  

Plot One - CVC 

dT = [0 0.3 0.6 0.9 1.2 1.5];       %Change in core temperature 

 

%Import CVC data 

A_Control  = xlsread('118_analysis_data.xlsx',8,'B39:G39'); 

A_LN  = xlsread('118_analysis_data.xlsx',8,'B40:G40'); 

B_Control  = xlsread('118_analysis_data.xlsx',8,'B41:G41'); 

B_LN  = xlsread('118_analysis_data.xlsx',8,'B42:G42'); 

 

%Import CVC error 

Err_A_Control  = xlsread('118_analysis_data.xlsx',8,'B45:G45'); 

Err_A_LN  = xlsread('118_analysis_data.xlsx',8,'B46:G46'); 

Err_B_Control  = xlsread('118_analysis_data.xlsx',8,'B47:G47'); 

Err_B_LN  = xlsread('118_analysis_data.xlsx',8,'B48:G48'); 

 

%Plot CVC wrt to the change in core temperature with error bars 

figure (1) 

 

%Plot points out of range to fix graph markers 

plot(0,0,'- . k','MarkerSize',20); 

hold on 

plot(0,0,'- s k','MarkerFaceColor','k'); 

plot(0,0,'- o k'); 

plot(0,0,'- s k'); 

 

%Plot real data 

errorbar(dT,A_Control,Err_A_Control,'- . k','MarkerSize',20); 

errorbar(dT,A_LN,Err_A_LN,'- s k','MarkerFaceColor','k'); 

errorbar(dT,B_Control,Err_B_Control,'- o k'); 

errorbar(dT,B_LN,Err_B_LN,'- s k'); 

ylabel('CVC [%\DeltaCVC Baseline]'); 

xlabel('Core Temperature [\Delta°C]'); 

xlim([0 1.6]) 

set(gca,'xtick',0:0.3:1.8) 

ylim([100 900]); 

legend({'Placebo Control','Placebo L-NAME','MPD Control','MPD L-NAME'},'Location','Northwest') 

hold off 

 

%Plot of CVC wrt change in core temp with no error bars 

figure (2) 

 

plot(dT,A_Control,'- . k','MarkerSize',20); 

ylabel('CVC [%\DeltaCVC Baseline]'); 

xlabel('Core Temperature [\Delta°C]') 

xlim([0 1.6]) 

set(gca,'xtick',0:0.3:1.8) 

ylim([100 900]) 

 

hold on 

plot(dT,A_LN,'- s k','MarkerFaceColor','k'); 
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plot(dT,B_Control,'- o k'); 

plot(dT,B_LN,'- s k'); 

legend({'Placebo Control','Placebo L-NAME','MPD Control','MPD L-NAME'},'Location','Northwest') 

hold off 

Plot Two - NO Contribution 

dT = [0.3 0.6 0.9 1.2 1.5];       %Change in core temperature 

 

%Importing NO Contribution Data 

A_Contribution  = xlsread('118_analysis_data.xlsx',10,'T12:X12'); 

B_Contribution  = xlsread('118_analysis_data.xlsx',10,'T13:X13'); 

 

%Import NO Contribution error 

Err_A_Contribution  = xlsread('118_analysis_data.xlsx',10,'S16:W16'); 

Err_B_Contribution  = xlsread('118_analysis_data.xlsx',10,'S17:W17'); 

 

%Plot NO Contribution wrt to the change in core temperature with error bars 

figure (3) 

 

%Plot points out of range to fix graph markers 

plot(-1,0,'- . k','MarkerSize',20); 

hold on 

plot(-1,0,'- o k'); 

 

%plot real data 

errorbar(dT,A_Contribution,Err_A_Contribution,'- . k','MarkerSize',20); 

errorbar(dT,B_Contribution,Err_B_Contribution,'- o k'); 

ylabel('Nitric Oxide Contribution  [%]'); 

xlabel('Core Temperature [\Delta°C]'); 

xlim([0 1.6]); 

set(gca,'xtick',0:0.3:1.8) 

ylim([0 40]); 

legend({'Placebo','MPD'},'Location','Northwest') 

hold off 

 

%Plot NO Contribution wrt to the change in core temperature no error bars 

figure (4) 

 

plot(dT,A_Contribution,'- . k','MarkerSize',20); 

hold on 

plot(dT,B_Contribution,'- o k'); 

ylabel('Nitric Oxide Contribution  [%]'); 

xlabel('Core Temperature [\Delta°C]'); 

xlim([0 1.6]); 

set(gca,'xtick',0:0.3:1.8) 

ylim([0 40]); 

legend({'Placebo','MPD'},'Location','Northwest') 

hold off 
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Systemic Plots - HR, MAP, Skin Temp, Forearm Temp, Core Temp 

dT = [0 0.3 0.6 0.9 1.2 1.5];       %Change in core temperature 

 

%Import MAP Data for P1 

A_MAP1 = xlsread('118_analysis_data.xlsx',9,'B3:G3'); 

B_MAP1 = xlsread('118_analysis_data.xlsx',9,'B12:G12'); 

 

%Plot MAP P1 

figure (5) 

 

plot(dT,A_MAP1,'- . k','MarkerSize',20); 

hold on 

plot(dT,B_MAP1,'- o k'); 

ylabel('Mean Arterial Pressure  [mm·Hg^{-1}]'); 

xlabel('Core Temperature [\Delta°C]'); 

xlim([0 1.6]); 

set(gca,'xtick',0:0.3:1.8) 

ylim([70 110]); 

legend({'Placebo','MPD'},'Location','Northwest') 

hold off 

 

%Import MAP Data means 

A_MAP = xlsread('118_analysis_data.xlsx',9,'B9:G9'); 

B_MAP = xlsread('118_analysis_data.xlsx',9,'B18:G18'); 

 

%Import MAP error 

Err_A_MAP  = xlsread('118_analysis_data.xlsx',9,'B26:G26'); 

Err_B_MAP  = xlsread('118_analysis_data.xlsx',9,'B27:G27'); 

 

%Plot MAP Means - error bars 

figure (6) 

 

%Plot points out of range to fix graph markers 

plot(-1,0,'- . k','MarkerSize',20); 

hold on 

plot(-1,0,'- o k'); 

 

%plot real data 

errorbar(dT,A_MAP,Err_A_MAP,'- . k','MarkerSize',20); 

errorbar(dT,B_MAP,Err_B_MAP,'- o k'); 

ylabel('Mean Arterial Pressure  [mm·Hg^{-1}]'); 

xlabel('Core Temperature [\Delta°C]'); 

xlim([0 1.6]); 

set(gca,'xtick',0:0.3:1.8) 

ylim([70 105]); 

legend({'Placebo','MPD'},'Location','Northwest') 

hold off 

 

%Plot MAP Means - no error bars 

figure (7) 

 

plot(dT,A_MAP,'- . k','MarkerSize',20); 
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hold on 

plot(dT,B_MAP,'- o k'); 

ylabel('Mean Arterial Pressure  [mm·Hg^{-1}]'); 

xlabel('Core Temperature [\Delta°C]'); 

xlim([0 1.6]); 

set(gca,'xtick',0:0.3:1.8) 

ylim([70 105]); 

legend({'Placebo','MPD'},'Location','Northwest') 

hold off 

 

 

 

%Import HR Data for P1 

A_HR = xlsread('118_analysis_data.xlsx',9,'Q3:V3'); 

B_HR = xlsread('118_analysis_data.xlsx',9,'Q12:V12'); 

 

figure (8) 

 

plot(dT,A_HR,'- . k','MarkerSize',20); 

hold on 

plot(dT,B_HR,'- o k'); 

ylabel('Heart Rate  [Beats·min^{-1}]'); 

xlabel('Core Temperature [\Delta°C]'); 

xlim([0 1.6]); 

set(gca,'xtick',0:0.3:1.8) 

ylim([50 120]); 

legend({'Placebo','MPD'},'Location','Northwest') 

hold off 

 

%Import Forearm Temp Data for P1 

A_FATemp = xlsread('118_analysis_data.xlsx',11,'B3:G3'); 

B_FATemp = xlsread('118_analysis_data.xlsx',11,'B12:G12'); 

 

figure (9) 

 

plot(dT,A_FATemp,'- . k','MarkerSize',20); 

hold on 

plot(dT,B_FATemp,'- o k'); 

ylabel('Forearm Temperature  [°C]'); 

xlabel('Core Temperature [\Delta°C]'); 

xlim([0 1.6]); 

set(gca,'xtick',0:0.3:1.8) 

ylim([25 40]); 

legend({'Placebo','MPD'},'Location','Northwest') 

hold off 

 

%Import Skin Temp Data for P1 

A_SkinTemp = xlsread('118_analysis_data.xlsx',11,'M3:R3'); 

B_SkinTemp = xlsread('118_analysis_data.xlsx',11,'M12:R12'); 

 

figure (10) 

 

plot(dT,A_SkinTemp,'- . k','MarkerSize',20); 

hold on 
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plot(dT,B_SkinTemp,'- o k'); 

ylabel('Skin Temperature  [°C]'); 

xlabel('Core Temperature [\Delta°C]'); 

xlim([0 1.6]); 

set(gca,'xtick',0:0.3:1.8) 

ylim([32 40]); 

legend({'Placebo','MPD'},'Location','Northwest') 

hold off 

 

%Import Core Temp Data for P1 

A_Time = xlsread('118_analysis_data.xlsx',11,'B44:G44'); 

A_CoreTemp = xlsread('118_analysis_data.xlsx',11,'B26:G26'); 

B_Time = xlsread('118_analysis_data.xlsx',11,'B45:G45'); 

B_CoreTemp = xlsread('118_analysis_data.xlsx',11,'B35:G35'); 

 

figure (11) 

 

plot(A_Time,A_CoreTemp,'- . k','MarkerSize',20); 

hold on 

plot(B_Time,B_CoreTemp,'- o k'); 

ylabel('Absolute Core Temperature  [°C]'); 

xlabel('Time [min]'); 

xlim([0 170]); 

ylim([36 40]); 

legend({'Placebo','MPD'},'Location','Northwest') 

hold of 

AUC Calculations 

y = [358458.6, 317665.33333; 350933.6,298618.6667]; 

err_high = [23438.8718, 20075.14378; 21612.88593,15623.76583]; 

err_low = [0,0;0,0]; 

 

figure (12) 

b = bar(y); 

hold on 

 

ngroups = size(y, 1); 

nbars = size(y, 2); 

groupwidth = min(0.8, nbars/(nbars + 1.5)); 

 

for i = 1:nbars 

    % Calculate center of each bar 

    x = (1:ngroups) - groupwidth/2 + (2*i-1) * groupwidth / (2*nbars); 

    errorbar(x, y(:,i), err_low(:,i), err_high(:,i), 'k', 'linestyle', 'none'); 

end 

hold off 

 

set(gca,'xticklabel',{'Control','L-NAME'}); 

set(b(1),'FaceColor', [0 0 0]); 

set(b(2),'FaceColor', [1 1 1]); 
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legend('Placebo','MPD') 

ylabel('AUC [CVC·S^{-1}]') 

 

Time to Onset 

y = [1356.1111, 1323.277778; 1446,1324.27777777778]; 

err_high = [271.2222222, 264.6555556; 289.2, 264.8555556]; 

err_low = [0,0;0,0]; 

 

figure (13) 

b = bar(y); 

hold on 

 

ngroups = size(y, 1); 

nbars = size(y, 2); 

groupwidth = min(0.8, nbars/(nbars + 1.5)); 

 

for i = 1:nbars 

    % Calculate center of each bar 

    x = (1:ngroups) - groupwidth/2 + (2*i-1) * groupwidth / (2*nbars); 

    errorbar(x, y(:,i), err_low(:,i), err_high(:,i), 'k', 'linestyle', 'none'); 

end 

hold off 

 

set(gca,'xticklabel',{'Control','L-NAME'}); 

set(b(1),'FaceColor', [0 0 0]); 

set(b(2),'FaceColor', [1 1 1]); 

legend('Placebo','MPD') 

ylabel('Time to Onset [Seconds]') 

ylim([800 1800]); 

 

Time to Plateau 

y = [2937.27777777778, 2713.222222; 3019.888889,2511.055556]; 

err_high = [587.4555556, 542.6444444; 603.9777778, 502.2111111]; 

err_low = [0,0;0,0]; 

 

figure (14) 

b = bar(y); 

hold on 

 

ngroups = size(y, 1); 

nbars = size(y, 2); 

groupwidth = min(0.8, nbars/(nbars + 1.5)); 

 

for i = 1:nbars 

    % Calculate center of each bar 

    x = (1:ngroups) - groupwidth/2 + (2*i-1) * groupwidth / (2*nbars); 
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    errorbar(x, y(:,i), err_low(:,i), err_high(:,i), 'k', 'linestyle', 'none'); 

end 

hold off 

 

set(gca,'xticklabel',{'Control','L-NAME'}); 

set(b(1),'FaceColor', [0 0 0]); 

set(b(2),'FaceColor', [1 1 1]); 

legend('Placebo','MPD') 

ylabel('Time to Plateau [Seconds]') 

ylim([1000 3800]); 

AUC Categorical Scatter Plot 

A_AUC_LNAME = xlsread('118_analysis_data.xlsx',8,'G105:G110'); 

A_AUC_control = xlsread('118_analysis_data.xlsx',8,'G114:G119'); 

B_AUC_LNAME = xlsread('118_analysis_data.xlsx',8,'G123:G128'); 

B_AUC_control = xlsread('118_analysis_data.xlsx',8,'G132:G137'); 

 

%Plot AUC data 

figure (15) 

 

%Points to correct legend 

x = [0,0]; 

y = [0,0]; 

plot(x,y,'. k','MarkerSize',21) 

hold on 

plot(x,y,'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 1 - control 

x1 = [1, 1.1]; 

y1 = [A_AUC_control(1),B_AUC_control(1)]; 

plot(x1,y1,'- . k','MarkerSize',21) 

plot(x1(2),y1(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 2 - control 

y2 = [A_AUC_control(2),B_AUC_control(2)]; 

plot(x1,y2,'- . k','MarkerSize',21) 

plot(x1(2),y2(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 3 - control 

y3 = [A_AUC_control(3),B_AUC_control(3)]; 

plot(x1,y3,'- . k','MarkerSize',21) 

plot(x1(2),y3(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 4 - control 

y4 = [A_AUC_control(4),B_AUC_control(4)]; 

plot(x1,y4,'- . k','MarkerSize',21) 

plot(x1(2),y4(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 5 - control 

y5 = [A_AUC_control(5),B_AUC_control(5)]; 

plot(x1,y5,'- . k','MarkerSize',21) 

plot(x1(2),y5(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 
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%Participant 6 - control 

y6 = [A_AUC_control(6),B_AUC_control(6)]; 

plot(x1,y6,'- . k','MarkerSize',21) 

plot(x1(2),y6(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 1 - LNAME 

x2 = [1.2, 1.3]; 

y1 = [A_AUC_LNAME(1),B_AUC_LNAME(1)]; 

plot(x2,y1,'- . k','MarkerSize',21) 

plot(x2(2),y1(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 2 - LNAME 

x2 = [1.2, 1.3]; 

y2 = [A_AUC_LNAME(2),B_AUC_LNAME(2)]; 

plot(x2,y2,'- . k','MarkerSize',21) 

plot(x2(2),y2(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 3 - LNAME 

x2 = [1.2, 1.3]; 

y3 = [A_AUC_LNAME(3),B_AUC_LNAME(3)]; 

plot(x2,y3,'- . k','MarkerSize',21) 

plot(x2(2),y3(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 4 - LNAME 

x2 = [1.2, 1.3]; 

y4 = [A_AUC_LNAME(4),B_AUC_LNAME(4)]; 

plot(x2,y4,'- . k','MarkerSize',21) 

plot(x2(2),y4(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 5 - LNAME 

x2 = [1.2, 1.3]; 

y5 = [A_AUC_LNAME(5),B_AUC_LNAME(5)]; 

plot(x2,y5,'- . k','MarkerSize',21) 

plot(x2(2),y5(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 6 - LNAME 

x2 = [1.2, 1.3]; 

y6 = [A_AUC_LNAME(6),B_AUC_LNAME(6)]; 

plot(x2,y6,'- . k','MarkerSize',21) 

plot(x2(2),y6(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

hold off 

 

%Set Axis Limits and Labels 

xlim([0.95, 1.35]); 

ylim([0 6.5E5]); 

ax = gca; 

ax.XTick = [1.05, 1.25]; 

ax.XTickLabels = {'Control','L-NAME'}; 

legend('Placebo','MPD') 

ylabel('AUC [CVC·S^{-1}]') 
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Time to Onset Categorical Scatter Plot 

A_TTO_LNAME = xlsread('118_analysis_data.xlsx',8,'B56:B61'); 

A_TTO_control = xlsread('118_analysis_data.xlsx',8,'B67:B72'); 

B_TTO_LNAME = xlsread('118_analysis_data.xlsx',8,'B79:B84'); 

B_TTO_control = xlsread('118_analysis_data.xlsx',8,'B90:B95'); 

 

%Plot time to onset data 

figure (16) 

 

%Points to correct legend 

x = [0,0]; 

y = [0,0]; 

plot(x,y,'. k','MarkerSize',21) 

hold on 

plot(x,y,'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 1 - control 

x1 = [1, 1.1]; 

y1 = [A_TTO_control(1),B_TTO_control(1)]; 

plot(x1,y1,'- . k','MarkerSize',21) 

plot(x1(2),y1(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 2 - control 

x1 = [1, 1.1]; 

y2 = [A_TTO_control(2),B_TTO_control(2)]; 

plot(x1,y2,'- . k','MarkerSize',21) 

plot(x1(2),y2(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 3 - control 

x1 = [1, 1.1]; 

y3 = [A_TTO_control(3),B_TTO_control(3)]; 

plot(x1,y3,'- . k','MarkerSize',21) 

plot(x1(2),y3(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 4 - control 

x1 = [1, 1.1]; 

y4 = [A_TTO_control(4),B_TTO_control(4)]; 

plot(x1,y4,'- . k','MarkerSize',21) 

plot(x1(2),y4(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 5 - control 

x1 = [1, 1.1]; 

y5 = [A_TTO_control(5),B_TTO_control(5)]; 

plot(x1,y5,'- . k','MarkerSize',21) 

plot(x1(2),y5(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 6 - control 

x1 = [1, 1.1]; 

y6 = [A_TTO_control(6),B_TTO_control(6)]; 

plot(x1,y6,'- . k','MarkerSize',21) 

plot(x1(2),y6(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 
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%Participant 1 - LNAME 

x2 = [1.2, 1.3]; 

y1 = [A_TTO_LNAME(1),B_TTO_LNAME(1)]; 

plot(x2,y1,'- . k','MarkerSize',21) 

plot(x2(2),y1(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 2 - LNAME 

x2 = [1.2, 1.3]; 

y2 = [A_TTO_LNAME(2),B_TTO_LNAME(2)]; 

plot(x2,y2,'- . k','MarkerSize',21) 

plot(x2(2),y2(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 3 - LNAME 

x2 = [1.2, 1.3]; 

y3 = [A_TTO_LNAME(3),B_TTO_LNAME(3)]; 

plot(x2,y3,'- . k','MarkerSize',21) 

plot(x2(2),y3(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 4 - LNAME 

x2 = [1.2, 1.3]; 

y4 = [A_TTO_LNAME(4),B_TTO_LNAME(4)]; 

plot(x2,y4,'- . k','MarkerSize',21) 

plot(x2(2),y4(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 5 - LNAME 

x2 = [1.2, 1.3]; 

y5 = [A_TTO_LNAME(5),B_TTO_LNAME(5)]; 

plot(x2,y5,'- . k','MarkerSize',21) 

plot(x2(2),y5(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 6 - LNAME 

x2 = [1.2, 1.3]; 

y6 = [A_TTO_LNAME(6),B_TTO_LNAME(6)]; 

plot(x2,y6,'- . k','MarkerSize',21) 

plot(x2(2),y6(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

hold off 

 

%Set Axis Limits and Labels 

xlim([0.95, 1.35]); 

ylim([800 2200]); 

ax = gca; 

ax.XTick = [1.05, 1.25]; 

ax.XTickLabels = {'Control','L-NAME'}; 

legend('Placebo','MPD') 

ylabel('Time to Onset [Seconds]') 

 

Time to Plateau Categorical Scatter Plot 

A_TTP_LNAME = xlsread('118_analysis_data.xlsx',8,'E56:E61'); 

A_TTP_control = xlsread('118_analysis_data.xlsx',8,'E67:EB72'); 

B_TTP_LNAME = xlsread('118_analysis_data.xlsx',8,'E79:E84'); 
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B_TTP_control = xlsread('118_analysis_data.xlsx',8,'E90:E95'); 

 

%Plot time to plateau data 

figure (17) 

 

%Points to correct legend 

x = [0,0]; 

y = [0,0]; 

plot(x,y,'. k','MarkerSize',21) 

hold on 

plot(x,y,'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 1 - control 

x1 = [1, 1.1]; 

y1 = [A_TTP_control(1),B_TTP_control(1)]; 

plot(x1,y1,'- . k','MarkerSize',21) 

plot(x1(2),y1(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 2 - control 

x1 = [1, 1.1]; 

y2 = [A_TTP_control(2),B_TTP_control(2)]; 

plot(x1,y2,'- . k','MarkerSize',21) 

plot(x1(2),y2(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 3 - control 

x1 = [1, 1.1]; 

y3 = [A_TTP_control(3),B_TTP_control(3)]; 

plot(x1,y3,'- . k','MarkerSize',21) 

plot(x1(2),y3(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 4 - control 

x1 = [1, 1.1]; 

y4 = [A_TTP_control(4),B_TTP_control(4)]; 

plot(x1,y4,'- . k','MarkerSize',21) 

plot(x1(2),y4(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 5 - control 

x1 = [1, 1.1]; 

y5 = [A_TTP_control(5),B_TTP_control(5)]; 

plot(x1,y5,'- . k','MarkerSize',21) 

plot(x1(2),y5(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 6 - control 

x1 = [1, 1.1]; 

y6 = [A_TTP_control(6),B_TTP_control(6)]; 

plot(x1,y6,'- . k','MarkerSize',21) 

plot(x1(2),y6(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 1 - LNAME 

x2 = [1.2, 1.3]; 

y1 = [A_TTP_LNAME(1),B_TTP_LNAME(1)]; 

plot(x2,y1,'- . k','MarkerSize',21) 

plot(x2(2),y1(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 
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%Participant 2 - LNAME 

x2 = [1.2, 1.3]; 

y2 = [A_TTP_LNAME(2),B_TTP_LNAME(2)]; 

plot(x2,y2,'- . k','MarkerSize',21) 

plot(x2(2),y2(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 3 - LNAME 

x2 = [1.2, 1.3]; 

y3 = [A_TTP_LNAME(3),B_TTP_LNAME(3)]; 

plot(x2,y3,'- . k','MarkerSize',21) 

plot(x2(2),y3(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 4 - LNAME 

x2 = [1.2, 1.3]; 

y4 = [A_TTP_LNAME(4),B_TTP_LNAME(4)]; 

plot(x2,y4,'- . k','MarkerSize',21) 

plot(x2(2),y4(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 5 - LNAME 

x2 = [1.2, 1.3]; 

y5 = [A_TTP_LNAME(5),B_TTP_LNAME(5)]; 

plot(x2,y5,'- . k','MarkerSize',21) 

plot(x2(2),y5(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

 

%Participant 5 - LNAME 

x2 = [1.2, 1.3]; 

y6 = [A_TTP_LNAME(6),B_TTP_LNAME(6)]; 

plot(x2,y6,'- . k','MarkerSize',21) 

plot(x2(2),y6(2),'o w','MarkerEdgeColor','k','MarkerFaceColor','w') 

hold off 

 

%Set Axis Limits and Labels 

xlim([0.95, 1.35]); 

ylim([1600 3800]); 

ax = gca; 

ax.XTick = [1.05, 1.25]; 

ax.XTickLabels = {'Control','L-NAME'}; 

legend('Placebo','MPD') 

ylabel('Time to Plateau [Seconds]') 

 

 


