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LAY ABSTRACT

Ketone bodies are produced by the liver when carbohydrate intake is very low (e.g. a ketogenic diet). A drink has been developed that rapidly increases blood ketone levels, however some early research shows that drinking ketones may lower the amount of carbon dioxide (CO2) in the blood. This may influence blood flow to your brain because CO2 influences blood vessel size. The goal of this research was to study how ketones affect brain blood flow and blood vessel function. Using a special gas delivery system, we prevented levels of CO2 from changing after participants drank ketones to see how brain blood flow would be affected. We measured brain blood vessel function by administering a gas mixture that increased the CO2 levels in the body in both visits. Overall, blood flow to the brain was maintained when blood CO2 was maintained. However, ketones did not seem to affect blood vessel function. 
























ABSTRACT

	Infusion of ketone bodies, like beta-hydroxybutyrate (β-OHB), rapidly increases cerebral blood flow (CBF). However, pilot data suggests that acute ketone monoester (KME) ingestion disrupts blood pH and reduces arterial carbon dioxide (CO2), which may lower CBF and cerebrovascular reactivity (CVR). Whether preventing reductions in arterial CO2 mitigates reductions in CBF and CVR following KME ingestion is unknown. The purpose of this study was to test the hypothesis that global CBF (gCBF) and CVR would be higher when pressure of end-tidal CO2 (PETCO2) is maintained at baseline values following KME supplementation. Twenty-three young adults were recruited (age = 22 ± 2 yrs, BMI = 23.5 ± 3.6 kg/m2). In a single-blinded placebo-controlled randomized crossover design, participants completed two experimental conditions on separate days. Participants ingested 0.6 g KME /kg and rested for 60 min while breathing room air (poikilocapnia) or a gas mixture that clamped PETCO2 at baseline (normocapnia). gCBF was assessed using duplex ultrasound of the right internal carotid and vertebral arteries. CVR was induced by increasing PETCO2 to +3, +6, and +9 mmHg above baseline. Venous blood was drawn to measure β-OHB, pH, and bicarbonate (HCO3-). Outcomes were assessed at baseline, 45 min, and 60 min post-supplementation. gCBF was 16% higher during normocapnia compared to poikilocapnia at 45 min (P < 0.001) and 60 min (P = 0.019). Correspondingly, PETCO2 was higher during normocapnia at 45 min (+3.90 ± 4.15 mmHg; P = 0.002) and 60 min (+4.32 ± 5.34 mmHg; P = 0.007) compared to poikilocapnia. pH only reduced from baseline during normocapnia (∆ -0.05 ± 0.05; P = 0.005). HCO3- was significantly decreased in both conditions (P < 0.001). CVR was unchanged post-supplementation in either condition. Findings demonstrate that maintaining PETCO2 at normocapnia following KME supplementation mitigates gCBF reductions, and CVR is unchanged by KME supplementation. 
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[bookmark: _Toc167105879][bookmark: _Toc177671662]Chapter 1: Literature Review
1.1 [bookmark: _Toc177671663]Introduction
[bookmark: _Toc167105881]With the recent development of exogenous oral ketone monoester (KME) supplements, containing the ketone body beta-hydroxybutyrate (β-OHB), researchers are now able to better isolate the effects of elevated blood ketones on human physiology without the need for dietary manipulation or restriction. Research surrounding the impact of exogenous ketone administration on the brain has been of particular interest, given its role in upholding cerebral metabolism during acute hypoglycemia and improve cerebral blood flow (CBF) in normoglycemic adults (Jensen et al., 2020; Myette-Côté et al., 2022; Svart et al., 2018; Walsh et al., 2021).
In normoglycemic humans, acute infusion of ketone salts (i.e. sodium β-OHB) elevates CBF (Hasselbalch et al., 1996; Svart et al., 2018), suggesting that exogenous ketone administration may have vasoactive and potentially protective effects. However, KME supplements have been shown to cause significant reductions in pH. Indeed, decreases in pH can stimulate an increased drive to breath (i.e. ventilation), which decreases the pressure of end-tidal carbon dioxide (PETCO2) to re-establish pH homeostasis (Dearlove et al., 2019; McCarthy et al., 2023). As CO2 is a primary regulator of CBF, its reductions may pose a threat to CBF (Willie et al., 2014). Indeed, previous pilot work suggests that the ingestion of a KME supplement lowers CBF. Yet, whether this is due to the parallel reductions in PETCO2 after oral KME supplementation is currently unknown. 
Therefore, the primary goal of this thesis was to investigate whether reductions in CBF after oral KME supplementation is due to reductions in PETCO2, by assessing CBF when PETCO2 is maintained at baseline levels (normocapnia) or free to vary (poikilocapnia) post-supplementation. The secondary goal of this thesis was to investigate the impact of oral KME supplementation on cerebrovascular function. This literature review will delve into how CBF is regulated and introduce ketogenic supplements and how they interact with CBF regulation. 
[bookmark: _Toc177671664]1.2 Cerebral Blood Flow and Cerebrovascular Function
[bookmark: _Toc177671665]1.2.1 The Regulation of Cerebral Blood Flow
The high metabolic demand of the brain and its limited capacity for substrate storage necessitates precise regulation of CBF to maintain constant nutrient and oxygen supply (Willie et al., 2014). The regulation of CBF is an integrative process involving several regulatory mechanisms. Principally, mean arterial pressure (MAP), cerebral metabolism, and partial pressure of arterial carbon dioxide (PaCO2) are key modulators of CBF (Willie et al., 2014). 
Generally, a rise in MAP increases CBF and a fall in pressure decreases CBF. Cerebral autoregulation is the physiological mechanism that helps to maintain CBF despite changes in MAP. This is important for maintaining a constant supply of oxygen and nutrients to the brain, while maintaining intracranial perfusion pressure to protect the brain. CBF remains constant within a small ~ 5-10mmHg range in perfusion pressure (Tan, 2012; Wang & Payne, 2023; Willie et al., 2014). A likely mechanism for this autoregulatory range, is the myogenic response to changes in blood pressure (BP). Elevations in BP stimulate the stretch receptors within the vascular smooth muscle. In turn, this activates voltage-gated Ca2+ ion channels, which leads to vasoconstriction and protects the brain from potential tissue damage and hemorrhage caused by hyperperfusion. Above and below this autoregulatory range CBF is more pressure passive (Peterson et al., 2011), meaning that CBF is more likely to increase or decrease with MAP rather than stay constant in the face of MAP changes.  Moreover, cerebrovascular autoregulation is dependent on the direction of change in perfusion pressure. A previous analysis of 41 studies in healthy humans reported that the slope of the relationship between the %ΔCBF versus % ΔMAP is 0.81 ± 0.77 mL/min*mmHg in the hypotensive range and 0.21 ± 0.47 mL/min*mmHg in the hypertensive range (Willie et al., 2014). This indicates that the cerebrovasculature is better at dampening transient hypertension compared to hypotension, which may reflect an evolutionary mechanism to protect the brain from increases in MAP (Tzeng & Ainslie, 2014) (Figure 1.). Indeed, during hypotension the brain compensates to hypoperfusion by increasing oxygen extraction to maintain cerebral oxygen delivery (Hoiland et al., 2016).  
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[bookmark: _Toc176103516]Figure 1. CBF response to increases in perfusion pressure. The red lines indicate the relationship between CBF and perfusion pressure. The relationship shows a greater slope at lower perfusion pressures and a smaller slope at higher perfusion pressures. This demonstrates a greater autoregulatory capacity during hypertension than hypotension. The plateau indicates the ~5-10 mmHg autoregulatory region where cerebral autoregulation is optimal. Adapted from Smith & Ainslie (2017).

 The pial arteries are generally accepted to be the site of blood flow resistance modulation, as their anatomical position within the cerebral spinal fluid of the subarachnoid space readily exposes them to local metabolic conditions. However, at rest and in the face of transient changes to MAP large conduit arteries of the brain, such as the internal carotid arteries (ICA) and vertebral arteries (VA), serve as the first line of defence to ensure the pial and cortical vessels experience minimal changes in pressure  (Willie et al., 2014). 
CBF is also tightly regulated by cerebral metabolism, as seen by increases in spatial and temporal CBF response to neuronal activity in the brain (i.e. neurovascular coupling) (Iadecola, 2017). The coupling of local cerebral metabolism and brain perfusion is a product of the anatomical and metabolic relationship between neurons, glial cells and the cortical penetrating arterioles. Indeed, when neurons become excited, they release glutamate which stimulates astrocytes and GABAergic interneurons to release vasodilatory factors, such as nitric oxide (NO) and prostaglandin E2. Interneurons and astrocytes have end-feet that envelop the penetrating arterioles that release vasodilatory factors, which can act directly on the vascular smooth muscle cells (VSMC) (Howarth, 2014). This results in subsequent local vasodilation and increases in CBF to provide adequate oxygen and substrates to support neuronal activation (Howarth, 2014). 
PaCO2 is another primary regulator of CBF, and arguably the most influential to global CBF (gCBF) regulation at rest. PaCO2 is tightly regulated to maintain tissue pH. According to Le Chatelier’s principle, when blood pH decreases hydrogen ion concentrations [H+] increase, which pushes the bicarbonate buffer equation (Figure 2) to increase blood CO2 and decrease [H+]. Simultaneously, respiratory compensation is stimulated to increase ventilation and expel excess arterial CO2 to re-establish normal blood pH. In contrast, increases in pH decreases [H+], which pushes the bicarbonate buffer equation to decrease blood CO2 and increase [H+].  At the same time, respiratory suppression occurs to increase CO2 retention and restore pH homeostasis. Thus, respiratory compensation regulates PaCO2 to maintain normal blood pH. 
Further, reductions in PaCO2 (hypocapnia) causes vasoconstriction, which decreases CBF. Whereas increases in PaCO2 (hypercapnia) results in vasodilation, which increases CBF (Willie et al., 2014). The cerebrovasculature possesses high sensitivity to CO2 to help maintain blood pH within a tight range. The mechanism by which CO2 induces vasodilation is not fully known, however previous studies have proposed two potential mechanisms. When PaCO2 is increased, rapid passive diffusion of CO2 occurs from the blood to cerebral endothelial cells, which releases hyperpolarizing factor to cause vascular smooth muscle hyperpolarization and vasodilation (Caldwell et al., 2021). Another possible mechanism by which CO2 causes vasodilation involves the release of vasoactive factors, such as NO (Ainslie & Duffin, 2009). 
It was recently established that the cerebrovascular responses to PaCO2 are indeed caused by the direct effects of CO2 rather than changes in arterial pH. This was demonstrated in a study that investigated the influence of PaCO2 on CBF with and without acute elevations in arterial pH. Researchers infused sodium bicarbonate (NaHCO3) to increase blood pH and conducted a cerebrovascular reactivity (CVR) test, consisting of iso-oxic alterations in PaCO2 (from hypocapnia: -5, -10 mmHg; to hypercapnia: +5, +10 mmHg), before and after NaHCO3 infusion. This allowed researchers to manipulate blood pH, via NaHCO3 infusion, to examine if CBF was impacted by hypercapnia, elevated pH, or both. Researchers found that the stepwise increases in CBF during hypercapnia were the same after NaHCO3 infusion, despite significant elevations in blood pH, compared to before infusion. This provides support that PaCO2, rather than pH, directly regulates CBF (Caldwell et al., 2021). Despite this, changes in the ratio of [H+] and bicarbonate ([HCO3]) may result in changes to acid-base balance in the blood, and thus arterial pH. In turn, this can push the bicarbonate buffer reaction equilibrium (Figure 2) to alter circulating CO2 content and cause PaCO2-mediated cerebrovascular responses. This makes pH a potential indirect modulator of CBF.
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[bookmark: _Toc176103517]Figure 2. Bicarbonate buffer reaction equilibrium. This is the primary blood buffering system. Increases in [H+] pushes the reaction equilibrium to the left to increase [CO2] and reestablish pH homeostasis.


[bookmark: _Toc177671666]1.2.2 How to Measure Cerebral Blood Flow
Blood flow through the intracranial arteries can be measured using transcranial Doppler (TCD) ultrasound. TCD ultrasound often involves placing a Doppler probe at the transtemporal window to measure cerebral blood velocity as a surrogate for CBF (Willie et al., 2011). TCD ultrasound has high temporal resolution and allows researchers to assess rapid, beat-by-beat fluctuations in CBF. However, TCD ultrasound provides poor spatial resolution and assumes a constant diameter of the insonated vessel (Willie et al., 2011). As blood vessel diameter is affected by various physiological stimuli, like alterations in PaCO2 and MAP (Giller et al., 1993; Verbree et al., 2014), this limits TCD ultrasound from being a direct measure of CBF. An alternative method to assess CBF involves the measurement of blood flow in the extracranial arteries using duplex ultrasound. This includes the ICA which supplies ~70% of gCBF, and the VA which supplies ~ 30% of gCBF (Thomas et al., 2015). Therefore, TCD and duplex ultrasound can be used in tandem to provide a more holistic measure CBF than using TCD ultrasound alone. 
[bookmark: _Toc177671667]1.2.3 How to Measure Cerebrovascular Reactivity
Cerebrovascular tone is constantly modulated to regulate cerebral pH, intracranial temperature, cerebral perfusion pressure, and adequate supply of oxygen and substrate to the brain via CBF (Willie et al., 2014). Accordingly, proper functioning and reactivity of the cerebrovasculature to physiological stimuli is required to ensure adequate perfusion to the brain. One method that is used to assess cerebrovascular function in a laboratory setting is by providing CO2 challenges (hypo and hypercapnia), while measuring the dilatory or constrictive response to the physiological stimuli (i.e. CVR) (Fierstra et al., 2013). Indeed, CBF increases by 3% to 6% and/or decreases 1-3% for every 1 mmHg increase or decrease from resting PaCO2, respectively (Willie et al., 2012). This makes CO2 an excellent stimulus to assess CVR. Several non-invasive methods have been used to assess CVR in response to vasodilatory (hypercapnic) or vasoconstrictive (hypocapnic) stimuli.
[bookmark: _Toc177671668]1.2.4 Methodological Approach to Measuring Cerebrovascular Reactivity 
To probe the regulation of CBF, we can challenge the system with vasoactive stimuli and observe the response (Al-Khazraji et al., 2021). Hypocapnia is characterized by a decrease in blood CO2 levels from resting values, which can be induced through paced hyperventilation or inhalation of gas mixtures that lowers PaCO2/PETCO2 to a target level (i.e., prospective end-tidal targeting) (Cohen et al., 2002). Hypercapnia is the increase of CO2 levels in the blood from resting values, which can be induced via breath-hold maneuvers or inhalation of gas mixtures that can raise CO2 to a target level above baseline (Al-Khazraji et al., 2021; Slessarev et al., 2007). However, between the two stimuli, the CVR response to a hypocapnic stimulus has been shown to be relatively blunted compared to the CVR response to a hypercapnic stimulus. This was shown in a study that used TCD ultrasound to quantify blood flow velocity under normocapnic, hypercapnic, and hypocapnic conditions in healthy adults. They found that changes in blood velocity relative to normocapnia was 52.5% during hypercapnia and 35.3% during hypocapnia (Ringelstein et al., 1988). Thus, the use of hypercapnic stimuli to probe CVR is more commonly applied in laboratory settings. 
An automated gas-blender that can administer repeatable changes in PaCO2 was developed to reliably target CO2 to pre-determined levels above baseline. This machine had been termed the prospective end-tidal targeting system. The system can sequentially deliver gas administered by a gas blender and previously expired air. As rebreathed gas has already equilibrated with the blood, there exists only a small PETCO2 to PaCO2 gradient while targeting PETCO2 (Fierstra et al., 2013). In fact, the use of prospective end-tidal targeting has been shown to only have a PETCO2 and PaCO2 gradient of ~ ± 1 mmHg on average (Ito et al., 2008).  
CVR protocols using a prospective end-tidal targeting system have previously been administered through either a ramp protocol or a step protocol, from hypocapnia to hypercapnia or only within the hypercapnic range (Al-Khazraji et al., 2021; Poublanc et al., 2015). The ramp protocol involves gradual transient increases in PETCO2 over time, while the step protocol consists of abrupt PETCO2 increases in stages that can last several minutes (Figure 3). Unlike the ramp protocol, the step protocol allows for PETCO2 and CBF to adapt and reach steady state, generating a more reliable assessment of how the cerebrovasculature responds to a given CO2 concentration.
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[bookmark: _Toc176103518]Figure 3. Schematic of a ramp and a step protocol used to assess CVR. Ramp graph showing transient increases in PETCO2 over time. Step graph showing abrupt increases in PETCO2 that are held for several minutes. 

1.3 [bookmark: _Toc167105880][bookmark: _Toc177671669]Introduction to Endogenous and Exogenous Ketosis
[bookmark: _Toc177671670]1.3.1 Endogenous Ketosis
Ketone bodies, including acetoacetate (AcAc) and β-OHB, are endogenous metabolites that are produced by the liver during periods of starvation or severe carbohydrate restriction (Owen et al., 1967). Nutritional ketosis is defined as a plasma β-OHB concentration of ≥0.5 mM and represents the point at which ketone bodies begin to serve as a prominent metabolite for energy production in the brain and heart in a concentration dependent manner (Cunnane et al., 2020). During prolonged fasting or carbohydrate restriction, pancreatic insulin secretion is reduced while glucagon is increased (Poff et al., 2020). In turn, this elevates the rate of lipolysis in adipose tissue, which increases circulating free fatty acids that are transported to the liver and undergo beta-oxidation to produce the ketone bodies AcAc, β-OHB, and acetone (Poff et al., 2020). The liver, in turn, releases these ketone bodies into circulation via monocarboxylate transporters, where they can be taken up by extrahepatic tissues via monocarboxylate transporters as well.  Following the uptake of β-OHB into extrahepatic tissues β-OHB is converted back into AcAc in extrahepatic mitochondria, where it can be broken down and metabolized to generate energy in the form of adenosine triphosphate (ATP). On average, plasma ketones rise to ~1-2 mM after 2 days of fasting (Reichard et al., 1974), and can reach ~5 mM after 4 days of fasting (Watanabe et al., 2017).
[bookmark: _Toc177671671]1.3.2 Exogenous Ketosis
Ketogenic diets and intermittent fasting have long been the primary modalities to induce nutritional ketosis. More recently, ketogenic supplements like medium-chain triglyceride (MCT) oils, sodium β-OHB, or KME supplements have become commercially available and are effective at raising plasma β-OHB above the nutritional ketosis threshold. MCT and sodium β-OHB appear to raise β-OHB levels to ~0.3-1.0 mM within 1-2 hours (Poff et al., 2020; St-Pierre et al., 2019). In contrast, KME supplements can elevate ketone body levels within 15 minutes and achieve peak ketone body concentrations of ~3.0-6.0 mM within 30-45 minutes which can remain elevated for 2-3 hours after consumption (Dearlove et al., 2021; Poff et al., 2020; Stubbs et al., 2017). KME supplements can achieve higher peak β-OHB, compared to other ketogenic supplements, because they can bypass the liver and are directly absorbed into the blood from the gut to rapidly elevate circulating ketone concentrations. Once consumed, gut esterases cleave the ketone ester into its constituent parts, the ketone body (β-OHB) and its corresponding alcohol (1,3-butanediol), and releases the ketone body into circulation (Jensen et al., 2020). 
[bookmark: _Toc177671672]1.3.3 Circulating Ketones and the Brain
In the brain, β-OHB and AcAc can cross the blood brain barrier through monocarboxylate transporters. They are then catabolized in neurons and astrocytes to form acetyl-CoA which enters the tricarboxylic acid cycle for ATP production in the brain (Jensen et al., 2020).  
Elevating circulating ketone bodies alters substrate utilization in the brain from primarily glucose to greater ketone metabolism without altering overall cerebral metabolic rate (Svart et al., 2018). A prior infusion study demonstrated that acute infusion of sodium β-OHB lasting 4 hours in middle-aged adults decreased cerebral glucose utilization and oxygen extraction, despite adequate blood glucose availability (Svart et al., 2018). Similarly, a study by Mikkelsen et al. (2015) infused sodium β-OHB in healthy young adults for 3 hours and showed that cerebral uptake and metabolism of β-OHB increased linearly with arterial β-OHB concentrations. This provides support for the preferential use of ketones as a fuel source in the brain during nutritional ketosis, despite adequate glucose supply. Interestingly, Svart et al. (2018) also found a 30% increase in CBF, using positron emission tomography, after sodium β-OHB infusion. This provides preliminary support for the potential implication of ketones in modulating CBF and cerebrovascular function. 
[bookmark: _Toc177671673]1.4 The Impact of Ketone Administration on CBF and Cerebrovascular Function
[bookmark: _Toc177671674]1.4.1 Acute Ketone Administration Increases Cerebral Blood Flow 
Ketone infusion studies in humans have shown increases in gCBF by ~30-40%, suggesting that ketones may impact the cerebrovasculature. A study by Svart et al. (2018) found that infusion of sodium β-OHB for 4 hours increased regional CBF by 30% in middle-aged adults, measured using positron emission tomography. Similarly, Hasselbalch et al. (1996) demonstrated that infusion of sodium β-OHB for ~3-3.5 hours in healthy young adults increased gCBF by 39%, measured using the Kety-Schmidt technique. It was purported that increases in CBF may be due to the effect that β-OHB has on the vasculature. This includes, reducing oxidative stress, altering neuronal redox potentials, and reducing vascular inflammation (Chakraborty et al., 2018; Ido et al., 2001; Vlassenko et al., 2006). 
Although mechanisms remain unclear, increases in CBF may be due to alterations in the NADH/NAD+ ratio of astrocytes (Vlassenko et al., 2006). Under conditions of adequate cerebral glucose uptake, glycolytic flux in astrocytes increases the NADH/NAD+ ratio during neuronal activation (Ido et al., 2001). Elevated NADH concentrations in astrocytes signal vascular smooth muscle relaxation, and subsequent vasodilation (Ido et al., 2001; Vlassenko et al., 2006). When plasma β-OHB is elevated, the conversion of β-OHB into AcAc increases the intracellular NADH/NAD+ ratio, which signals blood flow demand to the brain and subsequently increases CBF (Ido et al., 2001). Additionally, β-OHB is a signaling molecule that reduces oxidative stress and inflammation, which may also improve vascular function (Chakraborty et al., 2018; Lopaschuk & Dyck, 2023; Shimazu et al., 2013). Reductions in oxidative stress and inflammation are likely more relevant following longer-term ketone supplementation. This evidence provides support that oral KME supplementation may represent a potential therapeutic tool for enhancing CBF and vascular function. Yet, no previous studies have used direct measures to assess the impact of oral KME supplements on cerebrovascular function.
[bookmark: _Toc177671675]1.4.2 KME Ingestion Perturbs Blood pH – A Potential Threat to Cerebral Blood Flow?
Despite early evidence that acutely elevating plasma β-OHB via sodium β-OHB infusion may improve CBF, there are important discrepancies between sodium β-OHB infusion and oral KME supplements that may lead to discrepant CBF responses. Specifically, acute KME ingestion has been shown to lower blood pH, as β-OHB is a weak acid. Reductions in pH following KME ingestion leads to increases in HCO3- buffering, increases in ventilation, and reductions in PaCO2 to re-establish blood pH homeostasis. This was shown in studies that investigated the effect of KME supplementation (0.6 g KME /kg bodyweight) on cardiorespiratory parameters during exercise in endurance-trained athletes (McCarthy et al., 2021, 2023). Findings demonstrated that KME supplementation significantly decreased blood pH (placebo: ~ 7.34 vs. KME: ~7.30 pH units) and [HCO3-] (placebo: 27.9 mM vs. KME: 24.9 mM) compared to a placebo supplement condition (McCarthy et al., 2023). Additionally, work from the same group demonstrated that the same KME dose increased ventilation by ~ +6 mL/min and reduced PETCO2 by ~ 2mmHg in the KME condition compared to a placebo condition during 30-minutes of cycling exercise (McCarthy et al., 2021). Given that CBF decreases by 1-3% for every 1 mmHg decrease from resting PaCO2 (Willie et al., 2012), these reductions in PETCO2 may hypothetically result in a 2-6% reduction in CBF. Moreover, a greater dose of 0.752 g KME/kg bodyweight has been shown to further exacerbate the acidotic and cardiorespiratory stress after KME supplementation (Dearlove et al., 2021), which may pose an even greater threat to CBF. Combined, it is hypothesized that the KME supplementation causes significant acidosis that triggers cardiorespiratory stress. As a result, ventilation increases PETCO2 decreases to re-establish pH homeostasis. Perturbations in PETCO2 may explain the discrepant CBF responses seen between KME supplementation vs. sodium β-OHB infusion. Indeed, sodium β-OHB infusion has been shown to increase pH and [HCO3-] without altering PaCO2 (Hasselbalch et al., 1996). Unlike KME supplements, which are a weakly acidic, sodium β-OHB is alkaline which differentially impacts acid-base balance, blood gas, and thus CBF. 
Recent pilot work supports the early evidence that KME supplementation (0.6 g KME/kg bodyweight) induces cardiorespiratory compensations that increase ventilation, decrease PETCO2, and decrease HCO3- to re-establish pH homeostasis. These alterations to acid-base balance and blood gases may be causing the CBF reductions observed in healthy young adults after KME supplementation. This provides support that reductions in CBF may be due to reductions in PETCO2 observed, after acute oral KME supplementation, however this is still unknown. 
[bookmark: _Toc177671676]1.4.3 The Impact of KME Ingestion on Systemic Hemodynamics
KME supplementation has also been shown to increase heart rate (HR) and MAP, which are important regulators of CBF. Indeed, a study investigating the effect of β-OHB on cardiac function using cardiac magnetic resonance imaging (MRI) in healthy young adults found that a 0.483 g KME/kg bodyweight dose significantly increased HR, stroke volume, left ventricular ejection fraction, and MAP over a 1-hour period (Oneglia et al., 2023). Further, a recent meta-analysis found that acute and chronic exogenous KME supplementation increases HR (Marcotte-Chénard et al., 2024). Although we may expect that increases in MAP would lead to increases in CBF we observe the opposite pattern, whereby MAP increases but CBF decreases after oral KME supplementation.  This is because, reductions in blood CO2 leads to vasoconstriction, which can impede increases in CBF that may be seen with increases in MAP. This provides further support that the reduction in PETCO2 is mediating perturbations in CBF observed after oral KME supplementation.  Moreover, increases in HR and cardiac output may be acting to counteract the impact of PETCO2 reductions on CBF after oral KME supplementation (Oneglia et al., 2023).
[bookmark: _Toc167105888][bookmark: _Toc177671677]1.5 Summary of the Effects of KME Supplementation on pH, HCO3-, PETCO2, CBF and CVR
In summary, infusion of ketone bodies, like β-OHB, has been shown to increase gCBF (Hasselbalch et al., 1996; Svart et al., 2018) without altering PaCO2 (Henderson et al., 1996). However, evidence from recent KME supplementation studies demonstrate that oral KME supplementation lowers blood pH, CO2, and HCO3- which can threaten CBF. Indeed, recent pilot data in healthy young adults who consumed a 0.6 g/kg bodyweight KME supplement suggests that acute β-OHB supplementation may lower gCBF due to reductions in PETCO2, likely associated with pH disturbances following supplementation. Yet, it is currently unknown if PETCO2 causes reductions in gCBF after oral KME supplementation. To probe this relationship, we aimed to mitigate reductions in PETCO2, in an attempt to mitigate the reductions in CBF post-supplementation.
[bookmark: _Toc167105889][bookmark: _Toc177671678]2.5.1 Purpose and Hypothesis for this Study 
	The purpose of this study was to investigate the gCBF and CVR response when PETCO2 is maintained at baseline values (normocapnia), compared to a room air breathing condition (poikilocapnia), following KME supplementation in young adults. We hypothesized that gCBF and CVR will be higher during normocapnia, compared to poikilocapnia, after KME supplementation.
[bookmark: _Toc177671679]Chapter 2.0: Normocapnic Breathing Mitigates Cerebral Blood Flow Reductions After Ketone Monoester Supplementation

[bookmark: _Toc177671680]2.0 Introduction
Ketone bodies, such as acetoacetate (AcAc) and beta-hydroxybutyrate (β-OHB), are alternative substrates that can be utilized by the brain during periods of fasting or severe carbohydrate restriction (Owen et al., 1967). Until recently, the primary method to induce nutritional ketosis (plasma β-OHB >0.5 mM) was through consuming a ketogenic (low-carb/high-fat) diet or intermittent fasting. The recent development of exogenous ketones (i.e. ketone monoester (KME) supplements and sodium β-OHB infusion), that contain β-OHB, provides a unique opportunity to study the effects of elevated plasma β-OHB per se on human physiology without the need for dietary restriction. 
When circulating ketone bodies are elevated, there is a reduction in cerebral glucose metabolism and an increase in cerebral ketone metabolism that is proportional to the concentration of circulating ketone bodies (Mikkelsen et al., 2015). Interestingly, an increase in circulating ketones has been associated with increases in cerebral blood flow (CBF). Indeed, a study by Svart et al. (2018) observed a 30% increase in CBF using positron emission tomography after 4 hours of sodium β-OHB infusion. Similar findings were seen by Hasselbalch et al. (1996), who found a 39% increase in global CBF (gCBF) using the Kety Schmidt technique after 3-3.5 hours of sodium β-OHB infusion.
Despite intriguing findings from sodium β-OHB infusion studies in humans, oral KME supplements have been associated with reductions in CBF. These discrepant findings may be due to the differential effects that KME supplements vs. sodium β-OHB have on regulators of CBF —namely acid-base balance and blood gases. Sodium β-OHB is an alkaline compound that, when infused, has been shown to increase blood pH, and bicarbonate concentrations ([HCO3-]) without altering the pressure of arterial carbon dioxide (PaCO2) (Hasselbalch et al., 1996). In contrast, KME ingestion has been shown to lower blood pH, [HCO3-], and the pressure of end-tidal carbon dioxide (PETCO2 — an index of PaCO2) as β-OHB is a weak acid. This was shown in studies that investigated the effect of KME supplementation (0.6 g KME /kg bodyweight) on cardiorespiratory parameters during exercise in endurance-trained athletes (McCarthy et al., 2021, 2023). Findings demonstrated that KME supplementation significantly decreased blood pH (placebo: ~7.34 vs. KME: ~7.30 pH units) and [HCO3-] (placebo: 27.9 mM vs. KME: 24.9 mM) compared to a placebo supplement condition (McCarthy et al., 2023). Additionally, work from the same group demonstrated that the same KME dose increased ventilation by ~ +6 mL/min and reduced PETCO2 by ~ 2 mmHg in the KME condition compared to a placebo condition during 30-minutes of cycling exercise (McCarthy et al., 2021). Given that CBF decreases by 1-3% for every 1 mmHg decrease from resting PaCO2 (Willie et al., 2012), these reductions in PETCO2 may hypothetically result in a 2-6% reduction in CBF. Combined, it is hypothesized that the KME supplementation causes significant acidosis that triggers cardiorespiratory stress. Consequently, cardiorespiratory stress increases ventilation and decreases PETCO2 to re-establish pH homeostasis. The impact that KME supplements have on acid-base balance and blood gases may pose a threat to CBF, as reductions in PETCO2 may cause reductions in CBF. 
Recent pilot work supports this hypothesis. Indeed, acute KME supplementation (0.6 g KME/kg bodyweight) has been shown to decrease CBF and induce cardiorespiratory compensations that increase ventilation, decrease PETCO2, and decrease HCO3- to re-establish blood pH homeostasis. In particular, the reductions in PETCO2 may be causing the CBF reductions after KME supplementation, however this is still unknown. If we maintain PETCO2 at baseline levels (normocapnia) after KME supplementation, we may be able to mitigate the subsequent reductions in CBF. 
	Therefore, the purpose of this study was to investigate the effect of manipulating PETCO2 at normocapnic or poikilocapnic levels (no maintenance of PETCO2 at baseline), after the ingestion of a KME supplement (0.6 g KME/kg bodyweight) on CBF and cerebrovascular function. We hypothesized that CBF and cerebrovascular function will be higher when CO2 levels are maintained at normocapnia, compared to the poikilocapnia condition, following KME supplementation. 
[bookmark: _Toc177671681]2.1 Methods
[bookmark: _Toc177671682]2.1.1 Ethical Approval 
	This study was approved by the Hamilton Integrated Research Ethics Board (HiREB project number 16962) (Appendix A) and was pre-registered on ClinicalTrials.gov (ID: 
NCT 06217159). Each participant provided written informed consent prior to participation in the study. The trial conformed with the standards set by the Declaration of Helsinki and subsequent revisions.
[bookmark: _Toc177671683]2.1.2 Participants
Healthy adults between the ages of 18-35 years were recruited from Hamilton, ON between December 2023 and May 2024 through advertisements around the McMaster University Campus. Inclusion criteria included: (i) not having obesity (BMI <30 kg/m2), (ii) non-smoker, (iii) no respiratory illnesses, (iv) no history of Type 2 diabetes, hypoglycemia, or cardiovascular disease (i.e. heart attack, stroke), (v) not following a ketogenic diet or taking ketone supplements, (vi) no history of concussion(s) with persistent symptoms (vii) no high BP (≤125/85 mmHg). Once eligibility was determined through email, participants were scheduled for an in-person familiarization visit. 
[bookmark: _Toc177671684]2.1.3 Intervention Design
The present trial was a randomized-controlled single-blinded crossover trial. Visit order was randomized using an online random number generator (https://heyspinner.com/random-number-wheel) using numbers 1 and 2. Two participants were randomized at a time. Poikilocapnia and normocapnia were assigned to numbers 1 and 2, respectively. If the online number generator landed on 1 first, the first participant would be randomized to the poikilocapnia condition as their first visit and the second participant would be randomized to the normocapnia condition as their first visit to counterbalance visits. Randomization was blinded for participants. Participants attended 3 visits in the Brain and Exercise Enhancement Laboratory at McMaster University comprising a familiarization visit and two experimental visits. For experimental visits, naturally cycling female participants completed their experimental visits on days 1-7 of their early-follicular phase, and females taking oral contraceptives were tested on days 2-7 of their low hormone phase.
[bookmark: _Toc177671685]2.1.4 Familiarization Visit
Participants attended a familiarization visit to read and sign the consent form, complete demographic questionnaires, and become familiarized with the experimental protocols. After consent was obtained, participants completed the International Physical Activity Questionnaire (IPAQ) to assess physical activity levels (Craig et al., 2003), and a medical history form which included information about menstrual cycle/contraceptive use (Appendix B). A researcher then measured participant height, weight, and blood pressure (BP). Then, participants underwent a familiarization trial with the cerebrovascular reactivity test (CVR), which assesses cerebrovascular function, to ensure individual tolerability. 
[bookmark: _Toc177671686]2.1.5 Supplement Details
The ketone supplement used in this study was a [R]-3-hydroxybutyl [R]-3-hydroxybutyrate ketone monoester (ΔG®, TDeltaS, Oxford, UK). The ketone supplement contained 0.6 g of [R]-3-hydroxybutyl [R]-3-hydroxybutyrate per kilogram bodyweight, zero-calorie lemon flavoring, and water. The ketone supplement was then aliquoted into 60 mL opaque bottles and was refrigerated until consumption.  
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[bookmark: _Toc176103519]Figure 4. Schematic overview of the experimental protocol. The study involved two experimental sessions in a single-blind, randomized crossover design. At each session, participants underwent baseline CBF, CVR, and blood analyses. Following this, participants ingested a KME supplement (0 min) and had their PETCO2 values maintained at baseline (normocapnia) or free to vary (poikilocapnia) over a 60-min period. Blood was sampled at -50, 30, 45, and 60 min, while resting CBF was assessed at 45-, and 60-min. Post-supplementation CVR was assessed after the 60 min rest period.

[bookmark: _Toc177671687]2.1.6 Experimental Protocol
Participants attended the lab for two experimental visits on separate days. Visits were completed at the same time of day within participants and experimental visits were separated by at least 48 hours to eliminate carryover effects from the previous visit. Participants arrived at the lab following an overnight fast (8 hours), having abstained from alcohol and caffeine for at least 12 hours and any physical activity outside of activities of daily living for at least 24 hours. Upon arrival to the lab participants completed a custom sleep diary (Appendix C) and 24-hr dietary recall (Appendix D) to minimize dietary and sleep related variability between visits. Participants were provided with their dietary recall questionnaire following Visit 1 and were asked to replicate their diet as best as possible 24 hrs prior to Visit 2.
Following completion of intake questionnaires, an intravenous catheter was inserted into a vein at the elbow and baseline blood was drawn. Participants then rested supine for 20 min while being instrumented with physiological measurement devices. Following instrumentation, baseline CBF, middle cerebral artery (MCAv), mean arterial pressure (MAP), and PETCO2 were taken. Next, participants underwent a pre-supplementation CVR test. After the CVR test, participants ingested the ketone supplement within ~5 min. Complete ingestion of the drink was considered the 0-minute time marker of the protocol. A stopwatch was used to keep track of time elapsed following supplementation. 
Following ingestion of the ketone supplement, participants were re-fitted with the facemask and either continued to breathe room air (poikilocapnia condition) or were clamped at their individual baseline resting PETCO2 (normocapnia condition) over a 60-minute period. For both conditions, participants were fitted with a facemask that was connected to a sequential gas-delivery breathing circuit (RespirAct; Thornhill Research, Toronto, Canada) and a respiratory gas analyzer (ML206, ADInstruments, Colorado Springs, USA). The poikilocapnia condition consisted of breathing room air, without any targeted blood gas manipulation. The normocapnia condition aimed to maintain PETCO2 to the measured baseline values by providing a balanced gas mixture of CO2, O2, and N2. The normocapnic condition consisted of maintaining iso-oxia while clamping individuals to their calculated baseline PETCO2, which was assessed during baseline testing (i.e., pre-supplementation). For both conditions, participants were allowed to breathe freely without constraints on breathing rate or depth of breath.
Participants then rested quietly for 60 min, while breathing either room air or a gas mixture, and assessments of resting CBF was taken at 45- and 60-min post-supplementation. Venous blood samples were obtained at 30-, 45-, and 60-min post-supplementation. Following the 60-min rest period, participants completed the post-supplementation CVR test to assess cerebrovascular function. Finally, participants were asked to complete a gastrointestinal symptoms questionnaire to gauge supplement tolerability.
[bookmark: _Toc177671688]2.1.7 Blood Samples
Venous blood samples were obtained from a 22 G catheter (BD AngiocathTM IV Catheter) via a 5 mL syringe (5mL BD® Luer Slip Tip Syringe) and were immediately analyzed for pH and [HCO3-] at baseline, 45-, and 60-min post-supplementation using a blood gas analyzer (EPOC Reader, Siemens, Ottawa, Canada). Additionally, plasma β-OHB was measured in venous blood at baseline, 30-, 45-, and 60-mins post-supplementation using a point-of-care analyzer (FreeStyle Libre, Abbott). 
[bookmark: _Toc177671689]2.1.8 Systemic Hemodynamic Assessments
HR was collected with a three-lead ECG (PowerLab model ML795, ADInstruments, Colorado Springs, CO, USA). Continuous BP was collected using an automated BP finger cuff (Human NOBP Nano System, model INL382, AD Instruments, Colorado Springs, CO, USA).  Finger cuff BP values were calibrated to BP measured at the brachial artery to ensure changes in blood volume accurately reflected changes in BP. An automatic BP sphygmomanometer (OMRON Healthcare Co. Ltd, Kyoto, Japan) was used to take 3 successive BP measurements at the brachial artery with 30 seconds between each measurement. The mean of the 3 successive BP measurements were taken. The automatic BP sphygmomanometer was used to measure resting hemodynamic variables, which were taken before resting CBF measures at 45- and 60-mins post-supplementation. MAP was calculated as:1/3 systolic BP + 2/3 diastolic BP.
[bookmark: _Toc177671690]2.1.9 Expired Gas Assessments 
PETCO2 was obtained through a facemask that was connected to a respiratory gas analyzer and continuously recorded in LabChart (LabChart 8, ADInstruments, Colorado Springs, USA). Resting PETCO2 was extracted by averaging PETCO2 values corresponding to the last-minute of resting CBF measures taken at baseline, 45-, and 60-mins post-supplementation. 
[bookmark: _Toc177671691]2.1.10 Resting Cerebral Blood Flow Assessments
Blood velocity and vessel diameter of the right ICA and right VA were measured using a 10 MHz multifrequency linear array duplex ultrasound (Terason uSmart 3300; Teratech, Burlington, MA, USA) according to the location and standardized techniques described in Thomas et al. (2015). Pulse-wave mode was used to measure blood velocity, and B-mode imaging was used to simultaneously measure arterial diameter. Right internal carotid artery (ICA) blood velocity and vessel diameter were measured at least 1.5 cm distal to the common carotid bifurcation to avoid capturing any turbulent or retrograde flow. Right vertebral artery (VA) blood velocity and diameter were measured between C4 and C5 or C5 and C6. Vessel location was consistent within participant and between conditions. Additionally, an insonation angle of 60°, B-mode gain, sample volume, and dynamic range were unchanged within each participant. 
Transcranial Doppler (TCD) ultrasound (NeuroVision, Multigon Industries) of the middle cerebral artery (MCA) was used to measure middle cerebral artery velocity (MCAv). A 2MHz TCD ultrasound probe was affixed to a specialized headband for continuous measurement and recording of blood velocity through the right MCA in LabChart. Insonation was achieved at the right trans-temporal window using previously described standardized techniques and location (Willie et al., 2011). MCAv was extracted by averaging MCAv values corresponding to the last-minute of resting CBF measures taken at baseline, 45-, and 60-mins post-supplementation. 
[bookmark: _Toc177671692]2.1.11 Cerebrovascular Reactivity Assessment
	CVR is the ability of the vasculature to dilate or constrict in response to physiological stimuli, such as increases in PaCO2. CVR was assessed at the right ICA and MCA 3-4 min into each stage to ensure that steady-state hypercapnia was achieved during CBF and cerebral blood velocity measures (Carr et al., 2021). A sequential gas delivery system was used to facilitate a CVR test to CO2 using a progressive 3-step test. The sequence of the targeted PETCO2 challenges was +3 mmHg, +6 mmHg, and +9 mmHg (Figure 5). Breathing rate and tidal volumes were calibrated before starting the breathing sequence to determine individual baseline PETCO2. After 2 min of quiet breathing, PETCO2 was increased in three sequential iso-oxic hypercapnic stages to +3 mmHg, +6 mmHg, and +9 mmHg above baseline PETCO2, and all stages were 5-min in duration (Howe et al., 2020). 	 
PETCO2 values during the CVR test were averaged during the last minute of each test stage. PETCO2 change scores during the CVR test were calculated by subtracting PETCO2 during a given stage and baseline PETCO2.  Continuous BP was measured during the CVR test and was extracted by averaging the last minute of each test stage. MCAv responses during the CVR test were averaged using the last minute of each test stage. MCAv change scores during the CVR test were calculated by subtracting MCAv during a given stage and baseline MCAv.
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[bookmark: _Toc176103520]Figure 5. Cerebrovascular reactivity protocol. Baseline was 2 min in length. This was followed by three sequential iso-oxic hypercapnic stages to +3 mmHg, +6 mmHg, and +9 mmHg above baseline PETCO2, with all stages sustained for 5 min.

[bookmark: _Toc177671693]2.1.12 Data Processing
	All CBF recordings at the ICA and VA were at least 1 minute in length, with each measurement including at least 12 cardiac cycles for analyses (Thomas et al., 2015). Duplex ultrasound recordings were screen captured (Camtasia 2022, TechSmith) and saved for offline analysis using custom edge-detection and wall tracking software (Blood Flow Analysis, version 6.1).
[bookmark: _Toc177671694]2.1.13 Calculations
Δ PETCO2: 
PETCO2 (3 mmHg, 6 mmHg, or 9 mmHg) - PETCO2 (baseline)

ΔMCAv:
MCAv (3 mmHg, 6 mmHg, or 9 mmHg) - MCAv (baseline)

ICA or VA Flow:

Q (mL/min) = [peak envelope velocity / 2] x [π (0.5 x diameter)2 x 60]

Global CBF (gCBF):
gCBF (mL/min) = 2 x (QICA + QVA)

Cerebrovascular Conductance (gCBF CVC/MCAv CVC/ICA Flow CVC):

gCBF CVC, MCA CVC, ICA Flow CVC = (gCBF or MCAv or ICA Flow) / MAP

Relative %∆ MCAv: 

% ∆MCAv = [MCAv (stage 1, 2, or 3) - MCAv (baseline) / MCAv (baseline)] x 100%

Relative %∆ ICA Flow

% ∆ICA Flow = [ICA Flow(stage 1, 2, or 3) - ICA Flow(baseline) / ICA Flow (baseline)] x 100%

∆ PETCO2:

∆ PETCO2 = PETCO2 (stage 1, 2, or 3) - PETCO2 (baseline) 

[bookmark: _Toc177671695]2.1.14 Sample Size Calculation
The primary outcome of this study was CBF after oral KME supplementation during the normocapnia condition compared to the poikilocapnia condition. A sample size calculation for this study was estimated in G*Power (version 3.1) based on the effects observed in a study that examined the impact of oral KME supplementation on CBF in middle aged adults with obesity (Walsh et al., 2021). A two-way repeated measures ANOVA (2 conditions x 2 time points) revealed that an n=16 provided 80% power at an alpha level of 0.05 with an effect size partial eta squared of 0.09. Accordingly, we aimed to recruit a total sample of 20 adults (10 females & 10 males).
[bookmark: _Toc177671696]2.1.15 Statistical Analysis
	Statistical analysis was performed using Jamovi software (Version 2.3.28.0). Q-Q plots and Mauchly’s W were used to assess normality and sphericity. Data that violated normality were log-transformed. Data that violated assumptions of sphericity were corrected using a Greenhouse-Geisser correction if Greenhouse-Geisser ε < 0.75. If Greenhouse-Geisser ε was > 0.75, Huynh-Feldt correction was used. The threshold of 0.75 was used as Greenhouse-Geisser corrections tend to make the analysis too strict when ε is large. All values are expressed as mean ± standard deviation. A two-way ANOVA was used with repeated measures factors of time (baseline, 45 min, and 60 min), condition (poikilocapnia and normocapnia), and time by condition interaction for resting cerebrovascular, cardiorespiratory, and systemic hemodynamic measures followed by Holm post-hoc tests. Given the important influence of MAP on cerebrovascular measures, we also analyzed cerebrovascular outcomes with MAP as a covariate. Linear mixed effects model was used to assess CVR measures with fixed effects of time (pre and post), condition (poikilocapnia and normocapnia), stage (0, 1, 2, and 3), and time x condition x stage interactions with participants as random effects. Linear regressions were used to analyze the individual slope response between cerebrovascular parameters and PETCO2. For all statistical tests, significance was set at P < 0.05. 
[bookmark: _Toc177671697]2.2 Results 
[bookmark: _Toc177671698]2.2.1 Participant Characteristics 
	A total of twenty-three young healthy participants (n = 13 females; n = 10 males) completed the trial. All anthropometric and physical activity data is reported below (Table 1). There were no significant differences in sleep between visits (Visit 1: 7.52 ± 1.16 vs. Visit 2: 7.48 ± 0.99 hrs; P = 0.892). Assessment of gastrointestinal symptoms revealed low symptoms in both conditions. 
Of the participants tested, 1 participant was not able to tolerate the CVR test for both conditions. Due to technical difficulties, a post-CVR test was unsuccessful in 1 participant and 7 participants did not have a pre-or post-supplementation CVR test for 1 visit due to issues with the sequential gas analyzer. Additionally, MCAv data was not viable during at least one stage of a CVR test for 3 participants, due to noise interference between the duplex ultrasound signal and the TCD ultrasound signal. Moreover, 45-minute blood gas measures were missing for three participants due to issues with catheterization. However, these participants remained in all other analyses. 

[bookmark: _Toc176103406]Table 1: Participant Characteristics
	
	Total Sample
n=23
	Females
n=13
	Males
n=10

	Age (years)
	22 ± 2
	22 ± 1
	24 ± 2

	Height (cm)
	170.5 ± 0.08
	166.3 ± 0.07
	176 ± 0.04

	Weight (kg)
	68.7 ± 12.8
	61.6 ± 8.4
	77.9 ± 12

	BMI (kg/m2)
	23.5 ± 3.6
	22.3 ± 2.5
	25.2 ± 4.2

	Resting MAP (mmHg)
	79 ± 6
	78 ± 5
	83 ± 6

	Physical Activity Levels (MET-mins/week)
	3119.8 ± 2071.1
	2554.8 ± 1790.5
	3854.2 ± 2153.0


Data are mean ± SD. 
[bookmark: _Toc177671699]2.2.2 Effect of Acute Oral KME Supplementation on Resting Cerebrovascular Measures
There were significant main effects for time (P < 0.001; ηp2 = 0.443), condition (P < 0.002; ηp2 = 0.353), and time* condition effects (P = 0.005; ηp2 = 0.217) for ICA flow. ICA flow decreased from baseline during poikilocapnia at 45 min (∆ -31.29 ± 27.38 mL/min; P < 0.001) and 60 min (∆ -36.06 ± 26.57 mL/min; P < 0.001) after oral KME supplementation. ICA flow was not significantly different from baseline in the normocapnia condition at 45- and 60-mins post-supplementation (45 min: P = 1.00; 60 min: P = 0.265). Moreover, ICA flow was significantly higher in the normocapnia condition compared to the poikilocapnia condition at 45 min (∆ +34.66 ± 34.82 mL/min; P < 0.001) but not at 60 min (∆ +27.30 ± 42.92 mL/min; P = 0.053) post-supplementation (Figure 6 A & B). These main effects persisted when MAP was added as a covariate. There were significant time (P < 0.001; ηp2 = 0.533), condition (P = 0.012; ηp2 = 0.253), and time*condition effects (P = 0.007; ηp2 = 0.204) for ICA flow CVC. ICA flow CVC was decreased from baseline during poikilocapnia at 45 min (∆ -0.44 ± 0.32 mL/min*mmHg; P < 0.001) and 60 min (∆ -0.51 ± 0.33 mL/min*mmHg; P < 0.001) post-supplementation. ICA flow CVC was not significantly different from baseline at 45 min in the normocapnia condition (P = 0.585) but differed from baseline at 60-min post-supplementation (∆ -0.29 ± 0.43 mL/min*mmHg; P = 0.036). Moreover, ICA flow CVC was significantly higher during normocapnia compared to poikilocapnia at 45 min (∆ +0.38 ± 0.44 mL/min*mmHg; P = 0.004) but not 60 min (P = 0.189) post supplementation. 
There was a significant main effect of time (P < 0.001; ηp2 = 0.335) for VA flow. VA flow was significantly decreased at 45 min (∆ -6.73 ± 8.73 mL/min; P = 0.004) and 60 min (∆ -7.32 ± 10.02 mL/min; P = 0.004) in both conditions (Figure 6 C & D). Time effects were maintained when MAP was added as a covariate. There was a main effect of time for VA CVC (P < 0.001; ηp2 = 0.403). VA CVC was significantly decreased at 45 min (∆ -0.10 ± 0.11 mL/min; P < 0.001) and 60 min (∆ -0.11± 0.14 mL/min; P = 0.001) in both conditions. There was a main effect of time for VA diameter (P = 0.033; ηp2 = 0.144) where VA diameter was significantly lower than baseline at 45 min (∆ - 0.01 ± 0.01 cm; P = 0.021) but not 60 min (P = 0.223) post-supplementation. There were no time (P = 0.717) or time*condition effects (P = 0.254) for ICA diameter. VA and ICA diameter results are shown in Appendix E. 
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[bookmark: _Toc176103521]Figure 6. ICA Flow (A & B) and VA Flow (C & D) response to acute KME supplementation at baseline, 45 min, and 60 min post-supplementation. *Represents a post-hoc significant time*condition interaction.  

There was a significant main effect of time (P < 0.001; ηp2 = 0.463), condition (P = 0.002; ηp2 = 0.362), and time*condition (P = 0.002; ηp2 = 0.253) for gCBF. gCBF decreased from baseline during the poikilocapnia condition at 45 min (∆ -81.811 ± 74.14 mL/min; P < 0.001) and 60 min (∆ -94.28 ± 70.79 mL/min; P < 0.001). gCBF was maintained in the normocapnia condition at 45 and 60 min (45 min: P = 1.00; 60 min: P = 0.520). Moreover, gCBF was significantly higher in the normocapnia condition compared to the poikilocapnia condition at 45 min (∆ +81.65 ± 80.67 mL/min; P < 0.001) and 60 min (∆ +80.77 ± 110.98 mL/min; P = 0.019) post-supplementation (Figure 7 A & B). Time and time*condition effects were maintained when MAP was added as a covariate. There was a significant main effect of time (P < 0.001; ηp2 = 0.544), condition (P = 0.010; ηp2 = 0.263), and time*condition (P = 0.005; ηp2 = 0.211) for gCBF CVC. gCBF CVC was decreased from baseline during the poikilocapnia condition at 45 min (∆ -1.15 ± 0.83 mL/min * mmHg; P < 0.001) and 60 min (∆ -1.33 ± 0.83 mL/min * mmHg; P < 0.001) after supplementation. gCBF CVC was maintained in the normocapnia condition at 45 and 60 min (45 min: P = 0.364; 60 min: P = 0.095). Further, gCBF CVC was significantly higher during the normocapnia condition at 45 min (∆ +0.89 ± 1.03 mL/min * mmHg; P = 0.004) but not 60 min (P = 0.095) after supplementation (Figure 7 C & D). MCAv (P < 0.001; ηp2 = 0.531) and MCAv CVC (P < 0.001; ηp2 = 0.631) were significantly decreased across time in both conditions. There were no significant time* condition effects for MCAv (P = 0.145; ηp2 = 0.089) or MCAv CVC (P = 0.232; ηp2 = 0.065) (Figure 8).
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[bookmark: _Toc176103522]Figure 7. gCBF (A & B) and gCBF CVC (C & D) response to acute KME supplementation at baseline, 45 min and 60 min post-supplementation. *Represents a post-hoc significant time*condition interaction.  
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[bookmark: _Toc176103523]Figure 8. MCAv (A & B) and MCAv CVC (C & D) response to acute KME supplementation at baseline, 45 min and 60 min post-supplementation.

[bookmark: _Toc177671700]2.2.3 Effect of Acute KME Supplementation on β-OHB, PETCO2, pH and HCO3-
There was only a significant effect of time (P < 0.001; ηp2 = 0.916) for plasma β-OHB (Figure 9A). There was a significant main effect of time (P < 0.001; ηp2 = 0.691), condition (P = 0.002; ηp2 = 0.367), and time*condition (P < 0.001; ηp2 = 0.400) for PETCO2. PETCO2 significantly decreased at 45 min in the poikilocapnia (∆ -4.63 ± 2.70 mmHg; P < 0.001) and normocapnia (∆ -1.65 ± 2.19 mmHg; P = 0.011) conditions compared to baseline. Whereas PETCO2 was significantly decreased from baseline only in the poikilocapnia condition at 60 min (∆ -4.85 ± 3.32 mmHg; P < 0.001). Moreover, PETCO2 was significantly higher in the normocapnia compared to the poikilocapnia condition at 45 min (∆ +3.90 ± 4.15 mmHg; P = 0.002) and 60 min (∆ +4.32 ± 5.34 mmHg; P = 0.007) (Figure 9B). Blood pH was significantly reduced in the normocapnia condition at 45 min (∆ -0.05 ± 0.06; P =0.011) and 60 min (∆ -0.05 ± 0.05; P = 0.005) compared to baseline (time effect: P = 0.004; ηp2 = 0.348). Blood pH was not different in the poikilocapnia condition compared to baseline. There was a significant time*condition interaction for pH (P = 0.009; ηp2 = 0.262). However, post-hoc analyses revealed that pH at 45 min (P = 0.169) and 60 min (P = 0.348) post-supplementation were not statistically significant different between conditions (Figure 9C). HCO3- was significantly lower at 45 min and 60 min compared to baseline, and lower at 60 min compared to 45 min for both conditions (time effect: P = <0.001; ηp2 = 0.790) (Figure 9D). 
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[bookmark: _Toc176103524]Figure 9. β-OHB (A), PETCO2 (B), pH (C), HCO3- (D) response to acute KME supplementation at baseline, 45 min, and 60 min post-supplementation. *Represents a post-hoc significant time*condition interaction.  
[bookmark: _Toc177671701]2.2.4 Effect of Acute Oral KME Supplementation on Hemodynamic Measures
	Systolic BP significantly increased at 45 min and 60 min post-supplementation in both conditions (time effect: P < 0.001; ηp2 = 0.514). Diastolic BP was not significantly different over time (P = 0.071; ηp2 = 0.130) or between conditions (P = 0.873; ηp2 = 0.003). MAP was significantly increased at 45 min and 60 min post-supplementation in both conditions (time effect: P = 0.006; ηp2 = 0.255) (Figure 10). HR was significantly increased at 45 min and 60 min post-supplementation in both conditions (time effect: P <0.001; ηp2 = 0.745) and was significantly higher in the normocapnia condition at 60 min compared to the poikilocapnia condition (∆ +5.95 ± 6.56 mmHg; P = 0.002; ηp2 = 0.175). All systemic hemodynamic measures are reported in Table 2. 
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[bookmark: _Toc176103525]Figure 10. MAP response to acute KME supplementation at baseline, 45 min, and 60 min.

[bookmark: _Toc176103407]

Table 2. Systemic Hemodynamic Measures
	
	Poikilocapnia
	Normocapnia

	
	Baseline
	45 min
	60 min
	Baseline
	45 min
	60 min

	Systolic BP (mmHg)
	108 ± 8
	112 ± 8*
	111 ± 8*
	109 ± 7
	114 ± 8*
	115 ± 9*

	Diastolic BP (mmHg)
	65 ± 6
	66 ± 5
	67 ± 6
	67 ± 8
	67 ± 6
	69 ± 7

	HR (beats/min)
	60 ± 8
	70 ± 10*
	71 ± 9*
	62 ± 8
	73 ± 11*
	77 ± 10*

	MAP (mmHg)
		79 ± 6



	81 ± 6*
	82 ± 6*
	81 ± 7
	83 ± 6*
	84 ± 7*


*Significantly different from baseline. 

[bookmark: _Toc177671702]2.2.5 The Effect of Acute Oral KME Supplementation on Cerebrovascular Reactivity
For ICA outcomes, there were only main effects of time (P < 0.001) and condition (P = 0.008) for ICA flow, but no time*condition interactions (P = 0.895) (Figure 11 A). There was only a main effect of time (P < 0.001) for ICA flow CVC (Figure 11 B). There was a main effect of time (P = 0.011) and condition (P = 0.033) for %∆ ICA flow. However, time (P = 0.138) and condition (P = 0.369) effects did not remain significant after post-hoc testing (Figure 11 C). 
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[bookmark: _Toc176103526]Figure 11. ICA flow (A), ICA flow CVC (B), % change ICA flow (C) response to hypercapnia at +3 mmHg, +6 mmHg, and +9 mmHg above resting PETCO2. 

When looking at the specific slope responses, ICA flow vs. PETCO2 slopes were not significantly different pre-to-post supplementation during poikilocapnia (pre: R2 = 0.28 vs. post: R2 = 0.28; P = 0.719) and normocapnia (pre: R2 = 0.30 vs. post:  R2 = 0.22; P = 0.760). ICA flow CVC and % ∆ICA flow vs. ∆PETCO2 slopes were also not significantly different pre-to-post supplementation during poikilocapnia (ICA flow CVC: P = 0.857; % ∆ICA flow: P = 0.740) and normocapnia (ICA flow CVC: P = 0.685; % ∆ICA flow: P =0.978) (Figure 12). 
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[bookmark: _Toc176103527]Figure 12. Percent change in ICA flow vs. change in PETCO2. (A) Pre CVR during poikilocapnia. (B) Post CVR during poikilocapnia. (C) Pre CVR during normocapnia. (D) Post CVR during normocapnia.

There was a significant main effect of time (P < 0.001) and condition (P < 0.001) for MCAv, but there was no time*condition interaction (P = 0.594) (Figure 13 A). There was only a significant main effect of time (P < 0.001) for MCAv CVC (Figure 13 C). % ∆ MCAv did not reveal any significant time (P = 0.983) or condition (P = 0.789) effects (Figure 13 B). Further, the slope responses for the relationship between MCAv vs. PETCO2 were not significantly different pre-to-post supplementation during poikilocapnia (pre: R2 = 0.03 vs. post: R2 = 0.07; P = 0.764) or normocapnia (pre: R2 = 0.20 vs. post: R2 = 0.07; P = 0.260). Likewise, MCAv CVC and % ∆ MCAv vs. PETCO2 slopes were also not significantly different pre-to-post supplementation during poikilocapnia (MCAv CVC: P = 0.446; % ∆MCAv: P = 0.718) or normocapnia (MCAv CVC: P = 0.220; % ∆MCAv: P = 0.590). 
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[bookmark: _Toc176103528]Figure 13. MCAv (A), % change MCAv (B), MCAv CVC (C) response to hypercapnia at +3 mmHg, +6 mmHg, and +9 mmHg above resting PETCO2. 
There was a main effect of time (P < 0.001) and condition (P < 0.001) for MAP (Figure 14) and PETCO2 (Figure 15A). ∆ PETCO2 (Figure 15B) was not different pre-to-post supplementation (P = 0.722) or between conditions (P = 0.263). 
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[bookmark: _Toc176103529]Figure 14. MAP response to hypercapnia at +3 mmHg, +6 mmHg, and +9 mmHg above resting PETCO2.
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[bookmark: _Toc176103530]Figure 15. PETCO2 and change PETCO2 response to hypercapnia at +3 mmHg, +6 mmHg, and +9 mmHg above resting PETCO2. 
[bookmark: _Toc177671703]2.3 Discussion
The purpose of this study was to assess the effect of maintaining PETCO2 at normocapnia following KME supplementation on gCBF compared to poikilocapnia in healthy young adults. We also examined whether there were differences in CVR in the ICA and MCA after KME supplementation. We hypothesized that gCBF and CVR would be higher when PETCO2 is maintained (normocapnia) compared to a free-breathing condition (poikilocapnia), where PETCO2 is reduced following KME supplementation. The main findings are: (i) gCBF was higher during normocapnia compared to poikilocapnia at 45 and 60 min after KME supplementation; (ii) gCBF CVC was significantly higher during normocapnia at 45 min but not 60 min post-supplementation; (iii) HR and MAP significantly increased in both conditions after KME supplementation; (iv) MCAv was significantly reduced in both conditions after KME supplementation; v) pH was not significantly decreased during the poikilocapnia condition, but was significantly reduced in the normocapnia condition 45 and 60 min after KME supplementation; (vi) ICA and MCA CVR was unchanged pre-to-post supplementation in either condition. These findings suggest that maintaining PETCO2 at baseline levels mitigates reductions in gCBF, after KME supplementation. Moreover, acute KME supplementation does not seem to impact ICA or MCA CVR to hypercapnia.
In line with previous research, this study found that poikilocapnia significantly decreased gCBF by 16% and 19% at 45- and 60-min post-KME supplementation, respectively. Reductions in gCBF may be explained by the parallel reductions in PETCO2 caused by KME-induced pH disturbances. Previous work by Dearlove et al. (2019) reported that pH decreased from 7.40 to 7.37 pH units and PETCO2 decreased by ~ 10% at 60 min after athletes consumed a KME dose of 0.33 g/kg bodyweight, which is approximately half of the KME dose used in the present study. It was purported that the acidosis caused by the KME ingested stimulated a chemoreflex response to increase ventilation, resulting in compensatory reductions in PETCO2 to re-establish blood pH homeostasis. The reduction in blood CO2 has important implications for CBF, as the cerebrovasculature is highly sensitive to arterial CO2 perturbations. Indeed, CBF decreases by 1-3% per 1 mmHg decrease in CO2 due to cerebral vasoconstriction caused by hypocapnia (Willie et al., 2012). Accordingly, the reductions in PETCO2 observed in this study likely stimulated reductions gCBF during poikilocapnia.  
During the normocapnia condition, we aimed to maintain PETCO2 at baseline values after KME supplementation. However, PETCO2 still decreased from baseline during normocapnia, but this was only significant at 45 but not 60 min post-supplementation. Correspondingly, gCBF was slightly reduced by 3% and 5% forty-five and sixty min after KME supplementation, respectively. However, these reductions were not statistically significant. Moreover, gCBF was 16% higher during the normocapnia compared to the poikilocapnia condition at 45 and 60 min after KME supplementation, which is in line with our hypothesis. This is likely driven by ICA flow, as ICA flow was 17% higher at 45 min and 14% higher at 60 min during normocapnia compared to poikilocapnia, while VA flow was not significantly different between conditions. One potential explanation for the higher gCBF during normocapnia compared to poikilocapnia is that the PETCO2 was reduced to a much greater degree in the poikilocapnia condition compared to the normocapnia condition. During normocapnia, PETCO2 was reduced from baseline by ~ 4% at 45 min and ~ 3% at 60 min post-supplementation, whereas PETCO2 decreased from baseline in poikilocapnia by ~11% at 45 min and ~12 % at 60 min post-supplementation. This provides further support that PETCO2 reductions are responsible for the gCBF perturbations after KME supplementation, and that preventing the elimination of CO2 during normocapnia likely contributed to maintain gCBF post-supplementation (Willie et al., 2014). Accordingly, increases in arterial CO2 would result in increases in gCBF and decreases in arterial CO2 would subsequently decrease gCBF. Therefore, the maintenance of PETCO2 and gCBF seen in this study is within reason. 
Unlike previous studies (Dearlove et al., 2019, 2021), we did not observe significant reductions in pH after KME supplementation during poikilocapnia. Nonetheless, there were significant reductions in PETCO2 during poikilocapnia which suggests that acute KME supplementation induced respiratory compensation to maintain pH homeostasis as seen in previous studies (Dearlove et al., 2019; McCarthy et al., 2023). During the normocapnia condition, there were significant reductions in blood pH (baseline: 7.33 ± 0.05; 45 min: 7.28 ± 0.03; 60 min: 7.29 ± 0.26 pH units) after KME supplementation, which was likely because participants were prevented from eliminating excess CO2. Accordingly, the pH perturbations caused by KME supplementation likely pushed the bicarbonate buffer equation to increase blood CO2. Simultaneously, pH reductions and the accumulation of CO2 in the blood would have induced a chemoreflex response to increase ventilation and eliminate excess CO2 to restore blood pH. However, because we aimed to maintain CO2 levels at baseline during normocapnia we prevented the elimination of CO2, which likely precluded the reestablishment of pH homeostasis. 
Moreover, we found significant reductions in [HCO3-] in both conditions after KME supplementation. Increases in [HCO3-] likely occurred to buffer the increases in [H+] after KME supplementation, to reestablish normal blood pH. Previous evidence supports a potential vasodilatory role of HCO3-, thus reductions in HCO3- concentrations in the present study may have contributed to reductions in gCBF. A previous study by Caldwell et al. (2021) investigated the effect of NaHCO3- infusion on gCBF during and normocapnic breathing in healthy adults. They found that gCBF was increased by ~7% during normocapnia, after NaHCO3- infusion, independent of changes in MAP. Further, a previous study by Boedtkjer et al. (2015) selectively varied extracellular [HCO3-] in the basilar arteries of rats, and observed that lowering [HCO3-] directly increased vascular tone by elevating VSCM Ca2+ sensitivity. Thus, reductions in [HCO3-] may have contributed to the reductions in gCBF seen in this study. 
Interestingly, we observed that gCBF CVC was not different during normocapnia compared to poikilocapnia at 60 min post-supplementation, despite significant differences in gCBF. This suggests that MAP and/or cardiac output may be playing a contributing role to maintain gCBF during normocapnia, despite reductions in conductance. Indeed, we observed significant increases in MAP and HR over time in both conditions. Notably, HR was higher during normocapnia compared to poikilocapnia at 60 min post-supplementation. This may be due to CO2 retention and subsequent reduction in pH seen in this condition. Clamping PETCO2 during the normocapnia condition prevented the elimination of CO2 to restore baseline pH post-supplementation. As a result, a chemoreflex response may have further increased HR compared to poikilocapnia at 60 min post-supplementation. These findings are in line with previous evidence by Oneglia et al. (2023), who investigated the effects of acute KME supplementation on cardiac function using MRI. They found that acute supplementation with 0.483 g KME/kg bodyweight in healthy young adults increased HR, stroke volume, left ventricular ejection fraction, and MAP within 30-60 minutes of supplementation. Although other research supports the observation that HR increases after KME supplementation (Oneglia et al., 2023; Selvaraj et al., 2022; Wodschow et al., 2023), the relationship between KME supplementation and MAP is still contentious. Some studies have observed increases in MAP (Oneglia et al., 2023; Selvaraj et al., 2022), whereas others have observed no change in MAP after acute KME supplementation (Wodschow et al., 2023). These discrepant findings may be due to the dose of KME used. While these studies all use KME supplements, the dose used by Selvaraj et al. (2022) and (Oneglia et al., 2023) (0.714 g/kg and 0.483 g/kg, respectively) was higher than that used by Wodschow et al. (2023) (0.395 g/kg). Given that KME supplements are weakly acidic, a higher dose may cause a larger acidotic load. As the current study used a relatively high dose 0.6 g KME/kg bodyweight, this may have stimulated chemoreflex-induced increases in sympathetic nervous system activity, and thus increases MAP. 
We found that MCAv was significantly decreased over time without differences between conditions, despite differences in gCBF between conditions. The reason for this discrepancy may be due to the limitations of assessing cerebral blood velocity via TCD. Indeed, TCD measures cerebral blood velocity and assumes a constant diameter of the MCA (Willie et al., 2011). As both velocity and diameter are required to quantify blood flow through an artery, assuming a constant diameter of the MCA may result in an over or underestimation of flow (Willie et al., 2011). For instance, given that we observed significant reductions in PETCO2 during poikilocapnia, MCA cross-sectional area may have decreased and led to reductions in overall flow. However, because we only captured velocity through the MCA, MCAv would overestimate MCA flow and result in similar values to the normocapnia condition. The bifurcation of the MCA from the ICA allows the ICA to inform potential changes in the MCA. Indeed, we observed slight reductions in ICA flow after KME supplementation and no changes to ICA diameter across time (Appendix E). Thus, reductions in ICA flow are likely driven by reductions in ICA velocity and complements the reductions in MCAv. Moreover, findings from Al-Khazraji et al. (2019) demonstrated that MRI of the MCA diameter during hyperventilation induced hypocapnia (~ -10 mmHg PETCO2) decreased MCA diameter to a greater extent than ICA diameter. The greater sensitivity of the MCA to hypocapnia-induced reductions in diameter, compared to the ICA, may have contributed to the MCAv decreases in both conditions (Al-Khazraji et al., 2019). 
We measured CVR to CO2 before and after KME supplementation to explore whether cerebrovascular function was impact by KME ingestion. We observed no differences in absolute or relative CVR measured via ICA flow, MCAv, MCAv CVC, or ICA flow CVC across time (pre-to-post supplementation) or between conditions (poikilocapnia vs. normocapnia). Moreover, when absolute and relative ICA flow, MCAv, MCAv CVC, and ICA flow CVC were expressed against PETCO2, the reactivity slopes were not different across time for both conditions. This contrasted with our hypothesis that CVR would be higher during normocapnia compared to poikilocapnia. No difference in CVR between conditions or across time may be explained by the missing CVR data.  In total, 7 participants did not complete a pre or post CVR test for 1 visit, 1 participant did not complete a CVR test in either condition, and data from 1 participant’s post-CVR test was unusable. Therefore, a total of 9 CVR tests are missing. To support our original hypothesis, a previous study by Halani et al. (2015) investigated the effect of manipulating baseline vascular tone on CVR in healthy young adults. They manipulated baseline vascular tone by providing a hypercapnic (+4 mmHg PETCO2 from baseline) or hypocapnic (-4 mmHg PETCO2 from baseline) stimulus to induce a pre-dilated or pre-constricted vascular state, respectively, prior to a CVR test. Using blood-oxygen-level-dependent functional MRI to assess regional CBF they found that hypocapnia-induced vasoconstriction decreased CVR to hypercapnia, compared to CVR administered after hypercapnia or normocapnia. In the current study, the poikilocapnia condition demonstrated a 4-5 mmHg reduction in PETCO2 alongside significant reductions in gCBF, which was not observed in the normocapnia condition. Thus, we expected that the hypocapnia proceeding the CVR test in the poikilocapnia condition would have blunted CVR response, post-supplementation, compared to the normocapnia condition. However, we were likely underpowered to detect any significant differences between across time and between conditions. 
[bookmark: _Toc177671704]2.3.1 Strengths, Limitations, and Future Directions
The strengths of this study lie in the robust methodology used. With each participant serving as their own control in this crossover design, we were able to account for individual differences. Moreover, we used direct measures of blood flow and cerebrovascular function in this study, which strengthens this study’s reliability and validity. Further, we used an almost equal sample of males and females, making the findings of this study generalizable between sex. Despite these strengths, this study has some notable limitations. Firstly, we were not able to completely maintain PETCO2 at baseline during the normocapnia condition, which caused slight gCBF reductions during normocapnia. This was likely a limitation of the prospective end-tidal targeting system and its ability to clamp PETCO2.  Next, blood flow was only assessed unilaterally in the ICA and VA, and gCBF was subsequently calculated by multiplying the sum of the flow through the ICA and VA by two. This calculation assumes that both the right and left internal carotid and vertebral arteries have identical flow, when this may not necessarily be the case. Indeed, previous work by Bogren et al. (1994) found that the average right vertebral artery flow was ~103 mL/min, while the average left vertebral artery flow was 141 mL/min. Additionally, researchers also observed that right-handed participants had higher left ICA flow while left-handed participants had higher right ICA flow. Thus, calculating gCBF by assuming identical flow through the right and left ICA and VA may under or overestimate true gCBF. However, more recent research suggests that ICA and VA blood flow regulation are similar bilaterally (Friend et al., 2021). This provides support for the use of unilateral ICA and VA measurements to calculate gCBF, which has been used in previous studies (Caldwell et al., 2021; Carr et al., 2021). Further, the use of TCD ultrasound to measure MCAv assumes a constant diameter of the MCA (Willie et al., 2011). This precludes MCAv from accurately estimating CBF, as MCA diameter has been shown to respond to changes in physiological stimuli (e.g. MAP and PETCO2). Despite this, MCAv was not our primary measure of CBF, but was assessed to provide insight into potential intracranial cerebrovascular changes. Regarding the CVR data, this study was not powered to detect differences in CVR across time or between conditions. Additionally, due to the large amount of missing CVR data, the results must be interpreted with caution. Finally, as this was an acute intervention the long-term effects of KME supplementation on gCBF are still unknown. 
Future studies should investigate the effect of long-term KME supplementation on blood gases, acid-base balance, and gCBF to see if more practical methods of mitigating pH perturbations after KME supplementation are warranted. Methods such as simultaneous HCO3- supplementation may be of particular interest. Previous work by McCarthy et al. (2023) has demonstrated that simultaneous KME and HCO3- supplementation prevents the pH and ventilation alterations observed after KME supplementation alone. Therefore, KME + HCO3- supplementation may be a viable method of preventing reductions in PETCO2, and thus CBF, post-KME supplementation. 
[bookmark: _Toc177671705]2.3.2 Conclusion
This is the first study to investigate the contribution of PETCO2 on CBF and CVR after KME supplementation. In summary, this trial demonstrates that KME supplementation induces pH perturbations that cause compensatory reductions in PETCO2 and gCBF reductions. However, when PETCO2 is maintained at baseline levels after KME ingestion, gCBF reductions are mitigated. Moreover, we found that CVR is unchanged by KME supplementation. However, this finding should be interpreted with caution due to missing CVR data in this trial. This study provides a foundation for future ketone supplementation research that should consider other methods to prevent pH perturbations (e.g. HCO3- supplementation) after KME supplementation, to avoid acidotic PETCO2 reductions, and thus reductions in gCBF. 
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Time: P < 0.001
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Time*Condition:  P = 0.388
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Version #1- Version Date: October 31st, 2023 
Project #16962 



2 



Participant ID (research staff only): ________________________ 
 
SECTION 1: PERSONAL DATA (please print) 
 
Year of Birth: _________ 
 
Age: _________ 
 
Menstrual/Contraceptive Cycle Data (if you are male please skip this section)  
 



1. When was your last period? 
__________________________________________________ 



 
2. How long do your periods last? 



________________________________________________ 
 



3. If you are not currently having a menstrual cycle, when was the last time you menstruated?  
 



___________________________________________________ 
 



4. Are you taking oral contraceptive pills (birth control pills) or any hormonal 
contraception? If yes please indicate the type of contraceptive and brand name. 



 
___________________________________________________ 



 
a. How long have you been on the contraceptive?  



 
 



 
SECTION 2: MEDICAL INFORMATION 
 



1. Are you presently taking any medications? If yes, please list.  
 
 
 
 
 



2. Have you previously had an adverse reaction to a blood draw? (e.g. fainting, severe 
anxiety) 



 
Yes            No 
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Participant ID (research staff only):

 ________________________ 

 

SECTION 1: PERSONAL DATA (please print)

 

 

Year of Birth: 
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Age: 

_________ 

 

Menstrual/Contraceptive Cycle Data (if you are male please skip this section)  

 

1.

 

When was your last period? 

__________________________________________________ 

 

2.

 

How long do your periods last? 

________________________________________________ 

 

3.

 

If you are not currently having a menstrual cycle, when was the last time you menstruated?  

 

___________________________________________________ 

 

4.

 

Are you taking oral contraceptive pills (birth control pills) or any hormonal 

contraception? If yes please indicate the type of contraceptive and brand name. 

 

___________________________________________________ 
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How long have you been on the contraceptive?  

 

 

 

SECTION 2: MEDICAL INFORMATION

 

 

1.

 

Are you presently taking any medications? If yes, please list.  

 

 

 

 

 

2.

 

Have you previously had an adverse reaction to a blood draw? (e.g. fainting, severe 

anxiety) 

 

Yes             No 
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MEKC Study Nightly Sleep Diary   Participant ID:     
 



Version 1: October 31st, 2023 (Project #16962) 



 Visit 1 Date: ________________________ Visit 2 Date: ________________________ 



1. What time did you get into 
bed? 



  



2. What time did you try to go to 
sleep? 



  



3. How long did it take you to 
fall asleep? 



  



4. How many times dis you wake 
up, not counting your final 
awakening? 



  



5. In total, how long did these 
awakenings last? 



  



6. What time was your final 
awakening? 



  



7. In total, how long was your 
sleep? 



  



8. How would you rate the 
quality of your sleep? 



o Very poor 
o Poor 
o Fair 
o Good 
o Very Good 



o Very poor 
o Poor 
o Fair 
o Good 
o Very Good 



9. Comments (if applicable) 
Ex. “I have a cold” 



  
 
 
 
 
 



 










MEKC Study Nightly Sleep Diary     Participant ID:        

 

Version 1: October 31

st

, 2023 (Project #16962) 

  Visit 1 Date: ________________________  Visit 2 Date: ________________________ 

1.

 

What time did you get into 

bed? 

   

2.

 

What time did you try to go to 

sleep? 

   

3.

 

How long did it take you to 

fall asleep? 

   

4. How many times dis you wake 

up, not counting your final 

awakening? 

   

5.

 

In total, how long did these 

awakenings last? 

   

6.

 

What time was your final 

awakening? 

   

7.

 

In total, how long was your 

sleep? 

   

8.

 

How would you rate the 

quality of your sleep? 

o

  Very poor 

o

 

Poor 

o

 

Fair 

o

 

Good 

o

 

Very Good 

o

  Very poor 

o

 

Poor 

o

 

Fair 

o

 

Good 

o

 

Very Good 

9.

 

Comments (if applicable) 

Ex. “I have a cold” 
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24-Hour Dietary Recall 



Participant ID: __________ Date: __________ RA: ___________ 



Day of the week: Monday Tuesday Wednesday Thursday Friday Saturday Sunday  



Does this day represent your typical eating habits (excluding provided meals)? Yes No  



Please be as specific and honest as possible for review with the Research Assistant. Thank you.  



 



Food Item Quantity Notes 
Example: Breakfast 
 



  



Large brown eggs 
 



2 Scrambled eggs 



Folgers coffee 
 



1 cup With crème and sugar 



Whole grain bread 
 



2 slices Dempsters 



Butter  
 



1 tbsp  
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24-Hour Dietary Recall 

Participant ID: __________ Date: __________  RA: ___________ 

Day of the week: Monday Tuesday Wednesday Thursday Friday Saturday Sunday  

Does this day represent your typical eating habits (excluding provided meals)? Yes No  

Please be as specific and honest as possible for review with the Research Assistant. Thank you.  

 

Food Item  Quantity  Notes 

Example: Breakfast 

 

   

Large brown eggs 

 

2  Scrambled eggs 

Folgers coffee 

 

1 cup  With crème and sugar 

Whole grain bread 

 

2 slices  Dempsters 

Butter  

 

1 tbsp   
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