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ABSTRACT 

INTRODUCTION: Endothelial dysfunction has been accepted as the first step in the 

atherogenic process. Chronic tea consumption is inversely related to cardiovascular 

disease, and short-term ingestion can transiently improve endothelial function using 

percent change in flow mediated dilation (FMD%) as an index. Kombucha tea has many 

claimed health benefits, including the ability to improve endothelial function; although 

this has not been scientifically investigated. AIM: The primary aim was to compare acute 

ingestion of black and Kombucha tea on FMD% at three time points following 

consumption. METHODS: Four healthy men received black or Kombucha tea in a 

randomized, double blinded cross-over design.  FMD% was analyzed at baseline, 

immediately, 2, and 4 hours following consumption of the test drinks. RESULTS: For 

FMD%, no significant main effects for treatment or treatment*time were seen (P > 0.05). 

Significant main effect for time (P = 0.012) with post hoc analysis indicating no 

significant difference between time periods (P > 0.05). CONCLUSION: Individuals 

responded to black and Kombucha tea differently, but grouped means influenced FMD% 

similarly demonstrating potential benefits for vascular health based on consumption of 

both tea varieties.  However, the small homogenous sample limits the interpretation and 

application of these findings.  
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INTRODUCTION 

 Cardiovascular disease (CVD) is the leading cause of mortality in the United 

States, accounting for approximately 1 in 3 deaths. Additionally, this cluster of disorders 

resulted in an economic burden of nearly $316.1 billion in 2012-2013.1 One form of CVD 

stems from the formation and progression of atherosclerosis, characterized by an increase 

in arterial wall size and consequent functional impairment. The vascular endothelium, a 

single-layer of cells which partitions the artery and the blood, plays a pivotal role in 

vascular homeostasis with implications in the inflammatory, thrombotic, hypertrophic, 

and fibrinolytic processes.  

 The aforementioned roles of the vascular endothelium aid in the promotion and 

maintenance of vascular health. This diaphanous layer of cells produces local vasoactive 

factors to create a compliant environment. Most notably, the endothelium produces 

vasodilitory factors such as nitric oxide (NO) and endothelium-derived hyperpolarizing 

factors (EDHFs) counterbalanced by vasoconstriction factors such as endothelin-1 (ET-

1). An imbalance of these factors is appropriately termed endothelial dysfunction, and has 

been widely accepted as the first pathological step toward atherosclerosis.2–4 

Furthermore, exposure to CVD risk factors such as smoking, obesity, hypertension 

(HTN), dyslipidemia, diabetes mellitus (DM), and physical inactivity can result in 

development and progression of endothelial dysfunction. 5–11 Due to the pathologic link 

between endothelial dysfunction and atherosclerosis, the identification of endothelial 

dysfunction and interventions to ameliorate this imbalance is essential.   

 Although assessment of endothelial function can be done invasively through 

acetylcholine infusion, the non-invasive measure of flow mediated dilation (FMD) using 
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ultrasonography has become the most commonly accepted method. FMD measures 

endothelium-dependent vasodilation by occluding the vessel to create a state of reactive 

hyperemia. This pathway is mediated through bioavailability of NO.  The reactive 

hyperemic state produces shear-stress, a stimulus for NO formation. FMD is widely 

accepted as the gold standard for evaluating non-invasive endothelial function. 

 When evaluating FMD findings, it is important to take into account factors that 

alter measurements. Although there are multiple cuff positions, occlusion period times, 

ultrasound settings, and further testing variations, several guidelines have been published 

in attempt to standardize technician training and improve testing homogeneity.12–16 

Furthermore, many subject specific factors must be taken into account, especially 

regarding diet. Meals or beverages high in dietary nitrate, antioxidants, and polyphenol 

content have been investigated; dietary consumption of grape products/wine, blueberries, 

dark chocolate, cocoa, red orange juice, and beetroot juice or green leafy vegetables have 

been shown to influence endothelial function.17–22 Long term intake of black or green tea 

was shown to be inversely associated with CVD risk.23–25 Additionally, tea has the 

potential to increase NO formation through improvements in enzymatic activity.23,26,27 

 Kombucha tea is a drink derived from the fermentation of sweetened black tea. 

Kombucha and black tea have high concentrations of polyphenols; a plant micronutrient 

that possesses antioxidant and anti-inflammatory properties. The positive effects of black 

tea on the endothelium are thought to be due to the polyphenolic properties it holds. 

Many claims have been made regarding Kombucha tea’s positive health potential. Of 

note, there have been claims that consumption can improve overall cardiovascular health 
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and endothelial function.23–26 However, there have been no studies to explore the validity 

of Kombucha tea’s cardiovascular implications.  

 Therefore, the primary aim of this study was to explore the effects of a one-time 

ingestion of Kombucha tea in comparison to black tea on endothelium-dependent FMD 

as measured through ultrasonography. 
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LITERATURE REVIEW 

Cardiovascular Disease 

Cardiovascular disease is defined as a collection of disorders which affect the 

heart and blood vessels. Most predominately, they include coronary heart disease (CHD), 

cerebrovascular disease (CBVD), and peripheral artery disease (PAD).  CVD can result in 

myocardial infarction (MI) or stroke, often leading to disability, detriments in quality of 

life (QOL), or mortality.  According to the American Heart Association (AHA), CVD has 

been the leading cause of mortality in the United States since 1919, accounting for 

approximately 1 of 3 deaths. Additionally, the AHA estimates approximately 92.1 million 

American adults currently have one or more forms of CVD and project that nearly 44% 

percent of the adult population will have CVD.1 From 2012 to 2013, this resulted in a 

total economic burden of nearly $316.1 billion. Regardless of gender, prevalence of CVD 

increases with age, particularly with those 65 years and older. 28 Due to the graying of 

America, the burden of this disease group is expected to trend upward.  

Pathologically, many forms of CVD stems from the formation and progression of 

atherosclerosis. A relatively slow but complex process, atherosclerosis is characterized by 

an increased arterial wall size and impaired vessel function. Although compensatory 

mechanisms allow for the lumen size to remain relatively normal through less severe 

atherosclerosis, continued plaque progression beyond 40 percent of the elastic lamina 

area results in luminal stenosis.29 Lumen obstruction via plaque progression can result in 

ischemia downstream or rupture causing thrombus or embolus provoking MI or stroke.  
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Various risk factors have been shown to increase or decrease the likelihood of 

atherosclerotic formation and progression. Although some are non-modifiable (gender, 

age, genetics), prolonged exposure to modifiable risk factors (obesity, HTN, smoking, 

dyslipidemia, physical inactivity, DM, and chronic stress) increase susceptibility and rate 

of progression. The response to the aforementioned risk factor exposure often results in 

an alteration of the function of the vascular endothelium, which is responsible for a 

multitude of roles including the regulation of vascular tone and maintenance of vascular 

homeostasis. The inability for the endothelium to function properly, termed endothelial 

dysfunction, has been widely accepted as the first step in the atherosclerosis timeline.  

Vascular Endothelium 

 A diaphanous, single layer of cells, the endothelium serves as a functional barrier 

between circulating blood and the arterial wall. Arterial structure includes the outermost 

tunica adventitia, the tunica media, and the innermost tunica intima. The tunica adventitia 

is composed primarily of connective tissue and serves to maintain normal morphology. 

Through vasodilation and contraction of the vascular smooth muscle coupled with elastin, 

the tunica media plays an important role in vascular homeostasis. The inner most tunica 

intima is composed primarily of connective tissue and lastly the endothelium. (Fig. 1) 
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Figure 1. Structure of an Arterial Wall30 

 

(Adapted from physioweb.org) 

 Beyond serving as a barrier, the endothelium plays several integral roles. In 

response to various chemical and physical signals, the endothelium produces pro-

atherogenic and anti-atherogenic autocrine and paracrine factors which are involved in 

the maintenance of vascular homeostasis, the control of blood fluidity and coagulation, 

and the control of the vascular inflammatory process.2,3 Specifically, these molecules are 

classified into vasodilators and vasoconstrictors, anti and pro-thrombotic, and anti and 

pro-inflammatory factors. Much of the preservation of vascular tone is due to balancing 

the production of vasodilators, including NO, prostacyclin (PGI2), C-type natriuretic 

peptide, and EDHFs, with vasoconstriction factors such as ET-1, thromboxane A2, and 

angiotensin II.2,4,31  

 Exposure to aforementioned risk factors contribute to the initiation of a chronic 

inflammatory state, followed by a reduction in anti-atherogenic function and an elevation 

in in pro-atherogenic factor production; an imbalance leading to, and potentially 
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furthering, damage of the endothelium. Altered endothelial phenotype and risk factor 

exposure increases permeability of the endothelial wall, allowing for increased 

susceptibility of lipid penetration and accumulation. Lipid molecules, particularly LDL, 

then become modified through processes such as oxidation or glycation. Under normal 

conditions, the endothelium resists contact with leukocytes in the blood. However, 

following inflammation and damage, endothelial cells increase their expression of 

leukocyte adhesion molecules, especially vascular cell adhesion molecule-1 (VCAM-1). 

Upregulation in VCAM-1 expression allows leukocyte (specifically monocyte) adherence 

and diapedeses occurs to penetrate into the tunica intima.32 Next, the monocyte develops 

to a macrophage, utilizing scavenging receptors to pick up lipoprotein molecules or other 

cell fragments. Ultimately, the macrophage is transformed to a foam cell, which yields 

the fatty streak characteristic of atherosclerosis. Foam cells induce further reactive 

oxygen species (ROS) production and heighten the inflammatory response via pro-

inflammatory cytokine release.32–34 Early plaque deposition results in a pathological 

intimal thickening of the artery. Plaque progression can lead to formation of a 

fibroatheroma or thin cap fibroatheroma (TCFA). TCFA, known as vulnerable plaque, 

are especially prone to rupture.34 A depiction of the general atherosclerotic inflammatory 

response is depicted below in Figure 2.  
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Figure 2: Atherosclerotic Inflammatory Response35

 

(Adapted from http://sphweb.bumc.bu.edu/otlt/MPH-

Modules/PH/PH709_Heart/PH709_Heart3.html) 

Nitric Oxide (NO) 

 Nitric oxide is arguably the most important vasoprotective factor produced by the 

endothelium due to vasodilatory, anti-inflammatory, anti-proliferative, and anti-

thrombotic characteristics.36 NO and byproduct citrulline are derived from the enzymatic 

activity of endothelial Nitric Oxide Synthase (eNOS), one of three isoforms which 

catalyzes the oxidation of the amino acid L-arginine to NO.37,38 NO then activates the 

enzyme guanylate cyclase (GC) in the vascular smooth muscle. Stimulation of this 

http://sphweb.bumc.bu.edu/otlt/MPH-Modules/PH/PH709_Heart/PH709_Heart3.html
http://sphweb.bumc.bu.edu/otlt/MPH-Modules/PH/PH709_Heart/PH709_Heart3.html


6 
 

enzyme catalyzes the conversion of guanosine triphosphate (GTP) to cyclic guanosine 

monophosphate (cGMP) which in turn induces vasodilation through inhibition of calcium 

influx into the vascular smooth muscle cells and consequent reduction in myosin chain 

phosphorylation.38,39 (See Fig. 3) 

Figure 3: NO Mediated Dilation40  

 

(Adapted from Davigon and Gane, 2004) 

 Dilation of the vessel can occur via pathways that are independent or dependent 

of the endothelium. Endothelium-independent dilation of vessels in research is often 

mediated through supplementation such as nitroglycerin, where NO is donated.41 

Endothelium-dependent dilation occurs through derived vasodilators such as PGI2, 

EDHFs, c-type natriuretic peptide, and NO production.31 Although the other pathways 

may contribute, primary endothelium-dependent dilation occurs through the stimulation 



7 
 

of eNOS to form NO from L-arginine. Several factors evoke eNOS activity, including 

sheer stress, signaling molecules (acetylcholine, adenosine, serotonin, bradykinin, or 

vascular endothelial growth factor), circulating hormones (catecholamines, aldosterone), 

hypoxia, oxidized LDL particles, and platelet products.31,37,38,42 Reduced eNOS function 

and consequent decrease in NO production leads to the attenuation of vascular 

homeostasis and is a hallmark feature of endothelial dysfunction. In the instance of FMD, 

shear stress is considered the most influential stimulus for eNOS activation. 

Figure 4: Factors Influencing the Expression and Activity of eNOS  

  

(Adapted from Richardson, 2016)43 

Shear Stress 

 It has been known for some time that the increase in rate of blood flow causes an 

increase in the diameter of larger vessels in the body. However, it wasn’t until the mid-

80’s that the endothelium was isolated as the respondent to the increased flow rate.44,45 
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Furthermore, the composition of blood and the rate at which it flows can independently 

alter vascular responses. Typically, blood flow in larger conduit arteries is laminar and 

unidirectional. Flow can be defined as the measure of volume traveling through the artery 

over a period of time (Flow = velocity × 𝜋𝑟2, with r representing the radius). As blood 

flows through a vessel, a frictional drag force results due to contact with the vascular 

endothelium, otherwise known as shear stress. Shear stress is represented by the 

following equation: 

Shear stress = viscosity x velocity 

                       diameter 

 

Koller et al. (1993) showed an increase in diameter of arterioles of the rat 

cremaster muscle following a stepwise increase in flow rate (~80 to ~120 µm). However, 

once the endothelium of the vessel was removed, the increases in diameter originally seen 

were ameliorated. Additionally, shear stress was analyzed in vessels with and without 

their endothelium. Without the endothelium, shear stress that progressed from 0-470 

dyne/cm2 showed no further increases in vessel diameter. Comparatively, in vessels 

retaining their endothelium, researchers observed a shear stress change of approximately 

0-90 dyne/cm2 with an augmented diameter following increased flow rate.46 This 

suggests the change in blood flow velocity does indeed lead to increased shear stress on 

the arterial wall. In addition, the increase in flow velocity (and therefore shear stress) is 

detected by the vascular endothelium and compensatory vasodilation occurs. 

 Further investigation of this mechanism in humans confirms the aforementioned 

observations by Koller et al. (1993). Pyke et al. (2004) found significant increases (P 

<0.001) in shear rate stimulus at each 20 second interval over the first 80 seconds post-
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occlusion while measuring FMD in healthy subjects. Following 80 seconds, measured 

shear stress declined. Proceeding this shear stress decline, researchers noted increases in 

endothelium-dependent vasodilation was seen.47 This series of events mimics that seen by 

Koller et al. (1993) suggesting the decrease in shear stress is due to the endothelium’s 

ability to detect frictional changes and induce dilation. Furthermore, Pyke et al. (2004) 

found that, compared to baseline, the diameter of the lumen was significantly larger 

following the increased shear stress period (4.45 ± 0.52 mm vs. 4.72 ± 0.46 mm, P 

<0.001; equivalent to a 6.33 ± 3.12% change).47 Behind this phenomena, shear stress 

activates pathways via mechanoreceptors such as platelet endothelial cell adhesion 

molecule (PECAM-1) or integrins. Activation of these pathways can lead to augmented 

phosphorylation of eNOS and therefore further NO production.48 Although it has been 

established that prostaglandins such as PGI2 contribute to the ability of the endothelium 

to dilate, the main goal of human trials is to produce a shear stress to evoke the NO 

dependent vasodilation. Figure 3 (A) depicts hemodynamic shear stress as blood flows 

through the arteries. Additionally, Malek et al. (1999) identified the varying magnitudes 

of shear stress in different vessels through computer simulation models. This study 

concluded that normal arteries experience approximately 10 -70 dynes/cm2 of shear stress 

and arteries with varying levels of endothelial dysfunction undergo heightened levels of 

shear stress; as high as 70-100 dynes/cm2.49 
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Figure 5: Hemodynamic Shear Stress 

 

(Adapted from Malek et al. 1999) 

(A)  Q represents the blood flowing through the vessel. R represents the 

radius from the center of the vessel to the intimal wall. µ represents 

the viscosity of the blood. Shear stress (𝜏s) is a function of Q and µ, 

as the red blood cells passing through create a frictional force with 

the vessel.  

(B) Malek et al. (1999) have defined the ranges of shear stress (under 

normal conditions) in normal veins (1 - 6 dynes/cm2), normal arteries 

(10 - 70 dynes/cm2), atherosclerotic prone regions (-4 - 4 

dynes/cm2), and compromised regions undergoing high levels of 

shear stress (70 - >100dynes/cm2).  
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Endothelial Dysfunction  

Endothelial Dysfunction, characterized by a reduced bioavailability of NO, has 

been seen with increasing age and conditions such as hypercholesterolemia, pre-

hypertension, HTN, obesity, DM, chronic kidney disease, and coronary artery disease 

(CAD).2,9,10,50–54 In addition to attenuation of NO bioavailability, an upregulation of 

vasoconstrictors (such as ET-1) and the presence of a pro-inflammatory and pro-

thrombotic state is seen.55  

Reactive oxygen species are molecules which contain oxygen and are naturally 

formed from multiple sources including NAPDPH oxidase (NOX), the endothelium, and 

mitochondrial respiration.56 Common ROS examples include hydrogen peroxide (H2O2), 

superoxide (O2
-), and peroxynitrite (ONOO-). Under homeostatic levels, ROS aid in 

cellular activities, have the potential benefits on enzymatic function, upregulate immune 

function against pathogens, and promote various hormone level control. Typically, ROS 

are balanced by antioxidant defense. When an imbalance occurs and ROS are produced in 

excess, however, there can be a deleterious effect.57 For example: ONOO- (an important 

mediator of LDL oxidation), increases the pro-atherogenic status through degradation of 

tetrahydrobiopterin (BH4), a cofactor for eNOS. This in turn can increase boron dihydride 

(BH2) production, which consequently leads to further uncoupling of eNOS and 

potentially a continued increase in ROS.55,58 Furthermore, excess ROS is not only 

damaging to the endothelium, but Chen et al. (2004) demonstrated high levels of ROS 

can augment expression of pathways such as Tumor Necrosis Factor alpha (TNF-α) and 

monocyte chemoattractant protein-1 (MCP-1) in endothelial cells. This leads to increased 

expression of MCP-1, which in turn aids in the chemotaxis of monocytes into the 
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endothelium wall, furthering the atherosclerotic process.59 Table I (below) displays 

common contributors to endothelial dysfunction.  

The dysfunction of the endothelium can further be detected by inflammatory 

modulators such as increased VCAM-1 and intracellular adhesion molecule-1 (ICAM-1) 

or through vasoactive substances such as ET-1. The state of the vessel can potentially be 

assessed by inflammatory markers such as C-reactive protein (CRP), interleukin-6 (IL-6), 

or TNF-α. 

Due to the imbalance of vasoactive factors, therapeutic interventions should target 

increasing eNOS activity. This would potentially reverse endothelial dysfunction or 

improve vascular compliance through increased bioavailability of NO.  

Table I: Common Causes of Endothelial Dysfunction 

Contributors to Endothelial Dysfunction 

Hypertension Smoking 

Dyslipidemia/High LDL Physical Inactivity 

Diabetes/Metabolic Disorder 
Oxidative Stress/Excessive ROS 

production 

Obesity Hyperinsulinemia 

Aging Infection/Inflammation 
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Flow Mediated Dilation 

 The FMD procedure to measure endothelial function was pioneered by 

Celermajer et al. (1992).41 Typically, during a FMD measurement, variables such as 

baseline blood flow velocity, baseline blood vessel diameter, post-occlusion velocity, 

peak post-occlusion diameter, and average vessel diameters are obtained using 

ultrasonography. The post-occlusion measures are gathered following a 5-minute period 

where blood flow to the distal portion of the limb is halted, typically with a rapid 

inflation cuff. Proceeding collection, FMD can be calculated using the following 

equation:  

FMD (%) = (peak diameter – baseline diameter) X 100 

        baseline diameter 

Most experimental studies involving FMD are crossover trails. In order to compare the 

effectiveness of an intervention using this method, the individual must serve as their own 

control. Thus, the most useful expression of FMD is a percent change. This percent 

change value is calculated each time the measurement is done and is typically compared 

to the FMD% from the baseline measure. In comparison to the baseline measure, the 

greater the percent change in blood vessel diameter, the more positive the effect is. 

Conversely, a smaller percent change in comparison to baseline FMD% would indicate a 

negative effect. 

 As previously mentioned, shear stimulus is the driving stimulus for the 

endothelium dependent vasodilatory response. FMD specifically measures the artery’s 

ability to respond to increases in blood flow velocity (and thus shear stress) via NO 

mediated vasodilation following an occlusion period. This increase in flow following an 
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occlusion period is defined as reactive hyperemia. In order to create a proper reactive 

hyperemia response, the occlusion must be a minimum of 50 mmHg above resting 

systolic blood pressure. In healthy individuals, the occlusion cuff is generally set to 200 

mmHg. Upon cuff release, there in an increased flow velocity and consequently an 

increased frictional shear stress upon the vessel. Pyke and Tschakovsky (2005) noted the 

importance of the nature of the occlusion period, and therefore the shear stress stimulus 

created during the reactive hyperemia period on dilation of the vessel. Due to NO 

mediated dilation being the goal, they noted a 5-minute vessel occlusion period to be 

optimal. Occlusion periods of longer duration led to alternative mechanisms mediating 

the vasodilatory response.13 Figure 6 depicts a FMD response in a healthy individual.  

Figure 6: Time Course of Brachial Artery FMD60 

 

(Adapted from Bellamkonda et al. 2017) 
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Figure 6 depicts a general time course example of the FMD response. 

Following cuff inflation, there is a marked decrease seen in the diameter 

of the lumen. FMC refers to the vessel occlusion period or constriction 

period. Following the cuff deflation, vessel diameter responds to the 

increase in flow created by reactive hyperemia and the FMD response can 

be seen as an augmented vessel diameter. The horizontal dashed line 

depicts average baseline diameter to be compared. Note, the brachial 

artery diameter scale utilized on the y-axis could represent a normal 

individual. However, due to gender, body size, and health status, baseline 

diameter may differ. 

Ultrasonography 

 Ultrasonography is a non-invasive, medical-based diagnostic imaging technique 

which utilizes high frequency sound waves to analyze organs, tissues, and vessels. 

Specifically, the image is produced through the sending of sound, which strikes and 

bounces off internal organs, producing an echo wave with an altered pitch and direction. 

The wave change is detected by a transducer and displayed on a computer monitor. 

Generally speaking, the frequencies range between 1 and 18 hertz (Hz). Lower 

frequencies are able to penetrate deeper but generate a lower quality image. In contrast, a 

higher frequency wave produces a higher quality image, yet can only be used for more 

superficial image capture. Additionally, Doppler ultrasound enables the technician to 

examine direction and speed of blood in vessels due to reflection of sound waves off the 

red blood cells. This is advantageous when analyzing vascular function. However, in 
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order to have a valid and reliable measure for FMD, appropriate ultrasound equipment 

must be used and the technician must operate with a high level of precision. 

Assessing FMD through Ultrasonography  

 Since its development in 1992, the assessment of FMD through ultrasonography 

has materialized as the most common clinical research method to assess endothelial 

function and has since become the gold standard non-invasive measure. A seemingly 

simplistic measure, the examining of FMD through ultrasonography is technically 

difficult. In recent years, researchers have produced and modified guidelines in attempts 

to standardize the measure.12,14,16,61 Specifically, they have analyzed equipment, subject 

preparation and orientation, cuff placement, occlusion period, and timing of image 

acquisition. 

 The measurement of FMD is highly dependent upon equipment and probe 

selection. The ultrasound machine must be equipped with vascular software for two-

dimensional imaging, color and Doppler, a high resolution linear array probe, and an 

ECG monitor.12,14 Furthermore, in order to obtain sufficient images of the vasculature, 

the probe must be a minimum of 7MHz. If the probe is set to a level below this, the 

image quality will be inadequate for diameter and Doppler imaging.12 

 Many subject-specific factors have the potential to influence the accuracy of the 

FMD measurement. Nutrient supplements (vitamins, minerals, and phytochemicals) have 

been shown to affect FMD. A main mechanism for endothelial health and function is the 

balance of ROS and antioxidants. Several supplements have been shown to potentially 

acutely alter antioxidant levels and ROS scavenging ability, thus influencing FMD. In 
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2012, Wray et al. examined acute influences of a supplement cocktail containing α-lipoic 

acid, vitamin C, and vitamin E on young and older adults and found significant changes 

in FMD in both age groups in comparison to placebo controls.62 Following a high-sodium 

meal, Blanch and colleges noticed an attenuated reduction in endothelial function with a 

potassium supplement compared to the high-sodium meal alone.63 Thus, it has been 

recommended to avoid nutrient supplementation for at least 72 hours prior to 

measurement. 

Similar to supplements, diet is a highly influential extraneous variable which may 

contribute to acute changes in FMD (Table II). Acute intake of foods or drinks high in 

polyphenols (especially specific flavonoids), antioxidants, nitrate/nitrite, and potentially 

L-arginine should be avoided. Polyphenols are micronutrients which can be abundant in 

our diet and have the potential to contribute in the prevention of diseases such as CVD 

and cancer. Incorporated into the diet through ingestion of edible plants, polyphenols can 

be broken into several categories.  Regarding vasculature function, much attention has 

been directed toward flavonoids. In general, polyphenols can have an impact on various 

enzymes and cell receptors, and also hold antioxidant and anti-inflammatory properties.64 

More specifically, polyphenols have the potential to reduce oxidative stress and 

inflammation through superoxide anion scavenging properties, their interaction with 

other radicals, and their inhibitory action on xanthine oxidase and NADPH oxidase 

(which stimulate ROS and pro-inflammatory cytokine production).65,66 Furthermore, 

foods with high polyphenol content such as grapes, grape juice, and wines have shown to 

enhance endothelium dependent relaxation in rat aortas.67 Long term wine consumption 

has been associated with less endothelial dysfunction in older adults when compared to 
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those who abstain.68 Additionally, acute wine and grape ingestion potentially increases 

endothelial function in subjects with CAD.69 Other food and beverages alter endothelial 

function. Intake of blueberries, dark chocolate, cocoa, tea, red orange juice, and foods 

high in dietary nitrate such as beetroot juice or green leafy vegetables positively influence 

endothelial function.18–22,26,70 Conversely, ingestion of high-sodium or high-fat meals 

negatively influences postprandial FMD measures.63,71  Lastly, acute coffee and caffeine 

consumption has been shown to alter endothelial function.72,73 Prior to testing, caffeine 

and alcohol should be avoided for a minimum of 12 hours, and the subject should arrive 

in a fasted state (minimum 8 hours).74  

In addition to dietary influences, other subject specific factors must be considered. 

First, differences have been observed between male and female subjects. Healthy, young 

males and females may have similar baseline diameters; however, during the follicular 

and luteal phases of the menstrual cycle, estradiol and progesterone levels heighten. 

Changes in these hormones has been linked to changes in both independent and 

dependent endothelial function, potentially due to increased eNOS expression.75 

Additionally, long-term oral contraceptive use (minimum 3 years) has the potential to 

reduce endothelial function as measured through FMD and slightly increase mean  

common carotid intima-media thickness in women aged 25-45.76  

 Acute and chronic tobacco use and exposure to second hand smoke reduces 

endothelial function. Celermajer et al. (1993) demonstrated a dose-response relationship 

to the volume and duration of smoking as it relates to FMD and glycerol trinitrate (GTN) 

induced dilation.5 To further show smoking’s negative implications, Lekakis et al. (1997) 
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demonstrated a significant decrease in FMD, but not nitrate-induced dilation, following 

short term smoking in both men and women (smokers and non-smokers).6 

Environmental factors must be taken into consideration prior to testing. The study 

should be conducted in a temperature controlled, quiet environment. Researchers also 

need to allow the subject to become acclimated to the environment and provide a 

comfortable surface for the individual to lay supine on while the measure is being taken.   

Research studies examining FMD of the brachial artery have variably used the 

upper or lower cuff placement. The upper placement (proximal to the placement of the 

transducer) elicits a higher reactive hyperemia and FMD response, as shown by Doshi et 

al. (2001). In comparison, the lower placement (distal to the antecubital crease on the 

forearm/upper wrist) has shown a slightly lower reactive hyperemia thus a smaller FMD 

response. However, Doshi et al. (2001) incorporated an NO inhibitor, NG-monomethyl l-

arginine (L-NMMA) to examine the responses in the upper and lower cuff position and 

found amelioration of dilation at the lower cuff position, while the upper position was 

only partially diminished. Thus, FMD responses while utilizing the lower cuff position 

are mediated by NO exclusively.15 The high resolution ultrasound probe should be placed 

above the antecubital crease to image the brachial artery. Due to the vessel’s position in 

regards to the skin, in order to obtain both an acceptable image quality and blood flow 

velocity measurements, it is recommended the probe angle of isonation ±60° with an 

acceptable greatest angle of ±70°.14 An example of positioning of the occlusion cuff and 

probe can be seen in Figure 7. To optimize comfort, reactive hyperemia, and the 

endothelium-dependent NO response, a 5-minute occlusion period at suprasystolic 

pressures (200-250 mmHg) are ideal. Lastly, following cuff release, peak velocities 
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typically occur within 15 seconds, while peak vasodilation occurs later (typically at 45-80 

seconds). Thus, it is recommended by Harris et al. (2010) to obtain velocity and diameter 

measurements for at least 2 minutes following release.14 

Figure 7. Example Positioning of Occlusion Cuff and Ultrasound Probe. 

 

Table II. Factors Influencing FMD 

Supplementation  Supplementation such as potassium, 

sodium, or a supplement cocktail 

including α-lipoic acid, vitamin C, and 

vitamin E may alter FMD. Supplements 

should be avoided for 72 hours prior to 

measure.62,63 
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Medication Various medication can alter endothelial 

function. These include beta blockers, 

aspirin, endothelin receptor antagonist, 

beta agonists, calcium channel blockers, 

nitric oxide donors, vitamin supplements, 

hormone replacement therapy, and oral 

contraceptives. 

Tobacco Acute and chronic tobacco use and 

exposure to second hand smoke reduces 

endothelial function.5,6 

Caffeine Ingestion of coffee and caffeine has been 

shown to alter endothelial function. 

Therefore, it should be avoided for 

minimum of 12 hours prior to testing.72,73 

Exercise Long term and acute exercise training can 

modulate FMD. Acute exercise may cause 

an immediate decrease in FMD, followed 

by a positive response beyond baseline 

values.77 No exercise should be conducted 

24 hours prior to measure, especially of 

the moderate to vigorous variety. 
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Fasted State To control for prior food intake, subjects 

should arrive to testing fasted a minimum 

of 8 hours.74 

Dietary  Foods high in polyphenols (blueberries, 

dark chocolate, cocoa, tea, red orange 

juice) or foods high in nitrate (such as 

beetroot juice or green leafy vegetables) 

increase the endothelium’s ability to dilate 

in FMD measures. 18–22,26,70 Ingestion of 

high-sodium or high-fat meals negatively 

influences postprandial FMD 

measures.63,71 

Environment Testing should be done in a quiet, 

temperature controlled environment.  

 

FMD Validity and Reliability 

 As mentioned previously, FMD of the brachial artery has become the gold 

standard measurement for endothelium-dependent vasodilation. In 1995 Anderson and 

colleagues examined patients who underwent both coronary endothelial function testing 

and brachial artery FMD. Quantitative angiographic images were taken following 

infusion of acetylcholine in the coronary vasculature and were compared to FMD values 

obtained within 24 hours. Researchers found patients presenting with abnormal coronary 

artery endothelial function or presence of disease had diminished FMD responses 
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compared to those without compromise (4.5 ± 4.6%; 9.7 ± 8.1%, P < 0.02).78 With proper 

training, reliability of measurements can be established. Reliability statistics are driven 

by intraclass correlation coefficient (ICC) values (< 0.40, 0.40-0.75, and >0.75 

representing poor, fair to good, and excellent agreements) and average coefficient of 

variation values (CV = (S.D./mean)*100) below 35%.79 

Tea/Kombucha Tea 

 Foods high in polyphenol content, specifically flavonoids, have been suggested to 

have high antioxidant and anti-inflammatory properties. Green and black teas contain a 

host of polyphenols, especially flavonoids. Green and black teas are derived from the 

leaves of the Camellia sinensis plant and have separate production pathways, thus 

resulting in different overall polyphenol composition. To produce green tea, leaves are 

steamed and then dried, whereas leaves for black tea are slightly fermented for 16-24 

hours prior to being dried.80 Due to tea being the second highest consumed beverage in 

the world (behind water), many studies have explored the effect of acute and long term 

ingestion. It should be noted, the proposed primary polyphenol underlying the beneficial 

effects of green tea are catechins, especially epigallocatechin-3-gallate (EGCG). While 

black teas contain catechins, the manufacturing process of black tea results in oxidation 

(fermentation) of catechins to primarily theflavins and thearubins. Although green and 

black tea differ in composition, the overall phenolic influence on endothelial function 

appears to be relatively equal for black and green teas. Jochmann et al. (2007) examined 

endothelium-dependent dilation following a one-time ingestion of black and green tea in 

middle aged adults and found a 5% increase in FMD compared to water control. There 

was no significant difference between teas, noting only a 0.66 % (95% CI -0.76, 2.09) 
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difference.81 Studies analyzing black tea ingestion have shown various results, potentially 

due to the variation of study populations, polyphenol content, and protocols. Grassi et al. 

(2009) conducted a study with five one-week periods of black tea ingestion totaling 100, 

200, 400, and 800mg of polyphenol content per day for each week (equivalent to less 

than 1-6 cups per day), and found a dose-dependent improvement in FMD in healthy 

adult males compared to control (7.8%, 9.0%, 9.1%, 9.6%, 10.3%, respectively).82 

Furthermore, Lorenz et al. (2007) found a significant improvement in FMD (~3.5% 

change) in healthy postmenopausal women following a one-time black tea ingestion 

compared to controls.83 

Kombucha tea is a beverage derived from the fermentation of a tea and sugar 

mixture utilizing a symbiotic culture of bacteria and yeast (SCOBY). Frequently created 

from fermenting sweetened, black tea (can use green tea or combination), Kombucha tea 

has become extremely popular in recent years. In 2015, it was estimated the Kombucha 

market exceeded $700 million and is currently projected to reach $4.46 billion by the 

year 2024.84 In addition to increased demand, there have been numerous claimed health 

benefits of Kombucha tea consumption; these include (but are not limited to) cancer 

prevention and management, relief of joint issues such as arthritis, improvements in CVD 

states, and reduction of endothelial dysfunction.85 Many claimed health benefits may be 

attributed to polyphenol content and antioxidant capability, which total content is higher 

than that of unfermented black tea.86 Although this is the case, there is minimal to no 

support in the literature to suggest the claimed benefits are valid examining Kombucha 

tea and endothelial function.  
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Summary 

 In summary, the vascular endothelium plays a key role in vascular homeostasis. 

Various lifestyle choices and ROS status can influence the balance between locally 

produced vasodilators and vasoconstrictors, resulting in endothelial dysfunction. 

Specifically, dysfunction of this layer is the first step to the atherosclerotic process, and 

potentially a furthered diseased state. FMD is widely used and is accepted as the gold 

standard for noninvasive evaluation of endothelial function. With standardization and 

training, this technique can be used in many populations and interventions.  

 Various research environments utilize FMD to elicit a NO mediated vasodilatory 

response from the endothelium in conjuncture with exercise or dietary interventions; 

many of which have been shown to be beneficial for health and diseased populations. 

Specifically, of interest to this study, chronic tea consumption, both green and black 

varieties, has been inversely associated with CVD status and mortality outcomes. 

Additionally, acute consumption has potential to increase endothelial function in multiple 

populations. A fermented variation of sweetened black tea, drinkers of Kombucha tea 

have claimed many health benefits, including improved vascular health and endothelial 

function. However, there have been no studies exploring the relationship between 

Kombucha tea consumption and vascular health in humans. 

Purpose 

 The primary aim of this randomized, double blinded crossover study was to assess 

the acute effect of Kombucha tea in comparison to black tea on brachial artery FMD% as 

assessed by ultrasound. It was hypothesized that, due to high polyphenol and potential 
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antioxidant content, consumption of Kombucha tea will offer similar improvements in 

FMD compared to black tea. Results from this pilot study will be used to determine 

power necessary for a larger randomized trial.  

METHODS 

Primary aim 

 The primary aim was to assess the acute ingestion of Kombucha tea in 

comparison to black tea on FMD%. This was a randomized, double blinded, crossover 

trial which consisted of a screening visit and two experimental sessions. Upon arrival to 

the experimental session, baseline BP and FMD assessment was performed. Following 

this, participants were asked to consume either the Kombucha tea or black tea drink. BP 

and FMD were assessed immediately, two hours, and four hours post consumption. The 

selected Kombucha tea was GT’s Original Kombucha® and the black tea was Lipton 

100% Natural Black Tea®. Both teas were chosen due to high consumption rates and 

access to the product. The black tea was prepared according to instruction from 

packaging. Following preparation, 6 oz of black tea and Kombucha tea were measured 

and distributed into cups with opaque walls and lids. Due to Kombucha tea being served 

cold, the black tea was also chilled. The 6 oz dose was selected to reduce odds of 

gastrointestinal distress. Furthermore, the ultrasound technician, who additionally 

performed the analysis of FMD related images, was blinded to the tea allocation. 

Participants were not told which tea they were consuming, but due to the taste differences 

between teas, it was likely that they were able to differentiate between treatments. 
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Subjects 

 Healthy young adults were recruited from Wake Forest University (WFU) and the 

surrounding area. Recruitment was conducted via word of mouth, email, and IRB-

approved flyers. Inclusion criteria for the primary and secondary aim were between the 

ages 18 and 30 years, body mass index (BMI) >18 and <30 kg/m2, resting blood pressure 

of <130/90 mm Hg, and willingness to comply with dietary/fasting and physical activity 

conditions. Exclusion criteria for the primary included diagnosis or history of chronic 

metabolic diseases (DM, CVD, human immunodeficiency virus (HIV), cancer, HTN, 

PAD, or dyslipidemia), current smoker, taking medications known to interfere with 

endothelial function (general drug classes of beta blockers, aspirin, endothelin receptor 

antagonist, beta agonists, calcium channel blockers, nitric oxide donors, and vitamin 

supplements such as calcium or potassium), and unwillingness to comply with 

dietary/lifestyle restrictions. Furthermore, additional exclusion criteria included 

intolerance or tea allergy, habitual tea consumption, or recent Kombucha tea 

consumption. Due to variations in FMD seen in the menstrual cycle and influence of oral 

contraceptives, only males were chosen. This study was approved by the Institutional 

Review Board of Wake Forest University Health Sciences.  

Screening and Assessments 

 Following interest, interested persons met with research staff at the Pulmonary 

Function Laboratory in Worrell Professional Center of the Health and Exercise Science 

Department on the WFU Reynolda Campus. Initial screening began with the informed 

consent process. After consent to participate was acquired, subjects were asked to 

complete a health history questionnaire as well as provide a list of any medication or 
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supplementation they were taking. Furthermore, following a brief explanation of the 

FMD measure, a demonstration of the measure was conducted to familiarize the 

participant. Lastly, after scheduling their first experimental session, research staff 

provided a summary of expectations, a guideline for foods/activities to avoid, and a 

dietary and activity log. 

FMD assessment 

 The FMD measure was performed according to the Brachial Artery Reactivity 

Task Force and previously published supplementary guidelines.12,13,16,74 Leading up all 

FMD measures, participants were asked to follow strict dietary and lifestyle guidelines. 

These included refraining from ingesting foods/beverages high in nitrate or polyphenols 

24 hours prior to the FMD measure. Additionally, subjects were asked to avoid 

supplementation/medication for 72 hours prior to testing, strenuous exercise for at least 

24 hours, caffeine or alcohol intake for a minimum of 12 hours, and complete an 

overnight fast of at least 8 hours. 

 All testing was performed in a temperature controlled (70°F), quiet room with 

testing beginning in the morning hours. For both the primary and secondary aim, 

experimental sessions were scheduled for the same time in the morning in attempts to 

reduce diurnal effects, and there was a minimum of 48 hours between testing visits. In the 

case of the primary aim, this period was included to washout potential effects of the tea 

treatment. Additionally, upon arrival participants had their height and weight measured to 

ensure rapid weight gain was not taking place. Rapid weight gain may suggest fluid 

retention, thus potentially influencing blood viscosity. Furthermore, subjects were asked 
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to complete a 24-hour food and physical activity recall. All measurements were 

performed by the same ultrasound technician.  

 Subjects were asked to rest in the supine position for a minimum of 5 minutes. 

Resting supine blood pressure was taken by an experienced staff member using the 

auscultatory method. Subjects then continued to rest for 10 minutes in the supine 

position. A 6 x 83 cm segmental pressure cuff (D.E. Hokanson, Bellevue, WA, USA) was 

placed three inches below the antecubital crease. Research staff externally rotated the left 

arm slightly and then immobilized the appendage in a U-shaped brace with the palm 

facing up. The technician utilized high resolution vascular ultrasound with a 10-MHz 

linear-array transducer (M-Turbo Ultrasound System, Sonosite Inc., Bothell, WA, USA) 

and imaged the brachial artery 2-10 cm above the antecubital fossa. The technician 

obtained an image in the longitudinal plane with clear arterial wall interfaces and the 

suggested ±60° isonation angle.74 The probe was then steadied by a stereotactic clamp 

and the technician marked image sites and observed the artery for image reproducibility 

(Appendix E, images e & f).  

 Utilizing the Doppler mode, a minimum of three blood velocity measurements 

were taken and averaged over a 10-20 second period.61 Following this, baseline brachial 

artery diameter was recorded using the 2D high resolution mode. Following baseline 

measures, the 5-minute occlusion period began, as the technician inflated the occlusion 

cuff (E-20 rapid cuff inflator, D.E. Hokanson, Bellevue, WA, USA) to 200 mm Hg. A 

state of reactive hyperemia occurred upon rapid cuff release. Hyperemic blood flow 

velocity was measured throughout the first 30 seconds at a ±60° in Doppler mode. 
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Immediately after this, the technician returned to the 2D mode to record 2 minutes of 

diameter readings. 

Ultrasound Image Analysis  

Vessel Diameter 

 A single technician reviewed and analyzed all ultrasound images with Brachial 

Analyzer for Research software (Medical Imaging Applications, LLC, Iowa City, Iowa, 

USA).  This program utilizes automated border detection software to identify and track 

near and far intimal borders through still images and video clips. Following upload, pixel 

size calibration was first performed (10 mm marker distance = 0.53 mm/pixel). Next, a 

high-quality image frame with clear intimal faces was selected to identify a region of 

interest (ROI). A frame with near 100% border length reliability is ideal, but a minimum 

of 70% is recommended by the Medical Imaging Applications, LLC. Although there is an 

option to analyze curved vessel images, this did not apply for any of the obtained images. 

The ROI was not altered between analyzing baseline and post-occlusion diameter images. 

Wall tracking software was consequently launched, yielding 450 analyzed frames per 60 

second clip. As per software manufacturer’s guidelines, quality control assessments were 

performed by employing a 3rd order polynomial line of fit and by setting the trend 

threshold at ± 1 standard deviation with a 50% confidence threshold (Appendix E, image 

g.). These quality control steps help to increase the reliability and correctness of the 

measurements. Defined as distance in millimeters from intima to media interface, 

average, minimum, and maximum diameter measurements for baseline and post-

occlusion were recorded.  
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Velocity 

 Flow velocity images were uploaded to the Brachial Analyzer for Research 

Software. Utilizing the Doppler Flow Analyzer function, baseline and post-occlusion 

images were first calibrated for pixel size with the horizontal axis in seconds and the 

vertical axis in cm/s. ROI engrossed a minimum of 3 cardiac cycles, one of which was 

analyzed. In order to increase accuracy, the researcher manually outlined the cardiac 

cycle flow velocity wave (Appendix E, image d). The edge-detection software proceeded 

to analyze the Doppler wave forms, yielding max and average flow rates for the 

respective image.  

Reliability  

 To show the ultrasound’s ability to reproduce measures, a small reliability study 

was conducted. This trial included a screening visit and two experimental sessions 

separated by a minimum of 48 hours. Each experimental session included one measure of 

BP and FMD%. Variables from these two sessions were compared to assess reliability. 

The four subjects were 21.8 ± 2.8 years of age and apparently healthy, with two males 

and two females. For each visit, ICC and CV were calculated for all outcome variables. 

ICC measures were found to be significant for all outcome variables (P <0.05) except 

baseline velocity (P > 0.05); however, ICC values for all variables were to be considered 

in excellent agreement (ICC > 0.75). Mean FMD% ± S.E.M across participants for visits 

1 and 2 were 6.28 ± 0.30 and 6.62 ± 0.36 with ICCFMD = 0.883 and CV = 3.78 (Table III). 

Excellent, fair to good, and poor agreement are represented by ICC values of >0.75, 0.40-

0.75, and <0.40, respectively.79 

 



32 
 

Table III. FMD Measures for Testing Technician Reliability 

Variable Visit 1 Visit 2 
Mean CV 

(%) 
ICC 

FMD% (% change) 6.28 ± 0.30 6.62 ± 0.36  3.78 0.883* 

Baseline artery 

diameter (mm) 
3.74 ± 0.35 3.76 ± 0.34 0.57 0.999* 

Post occlusion max 

artery diameter (mm) 
3.97 ± 0.37 4.01 ± 0.36 0.71 0.999* 

Baseline Velocity 

(cm/s) 
24.39 ± 2.17 27.63 ± 3.97 5.00 0.795 

Baseline Shear Stress 

(dynes/cm2) 
18.73 ± 2.37 21.12 ± 3.59 12.40 0.877* 

Post Occlusion 

Velocity (cm/s) 
102.58 ± 9.66 100.56 ± 13.8 5.10 0.890* 

Post Occlusion Shear 

Stress (dynes/cm2) 
80.15 ± 13.99 73.85 ±15.8 9.73 0.975* 

All values are means ± S.E.M. unless stated otherwise. 

CV reported is the average across both testing sessions (CV = [(SD/mean) x 100]) 

P < 0.05 

Statistical Analysis 

 Statistical analysis was performed using Microsoft Excel 2016 (Microsoft, 

Seattle, WA, USA) and IBM SPSS Statistics Version 25 (IBMSPSS Inc., Chicago, IL., 

USA). Sample characteristics were reported as means and standard deviations (S.D.). For 

both the primary and secondary aim, FMD was expressed as a percent diameter change 

[FMD% = (peak hyperemia diameter – baseline diameter)/baseline diameter]. 

Furthermore, shear stress was calculated via flow velocity using the equation: SSx = 8× µ 

×Vx/DBL (SS = shear stress, subscript x indicated either baseline or hyperemia, 8 is a 
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constant, µ was viscosity of blood which was assumed to be 0.035 dyne×s/cm2, and DBL 

= diameter at baseline).  

For the primary aim, two-way repeated measures ANOVA was used to analyze 

treatment, time, and time*treatment interactions for outcome variables. Post hoc analysis 

was conducted, when necessary, using a priori contrasts to identify significance. 

Additionally, effect size was explored using partial eta squared. All values were reported 

as means ± S.E.M unless otherwise stated. Statistical significance was accepted at P < 

0.05.  

RESULTS 

Subjects  

 Four male adults, with a mean age 25.3 ± 0.5 years, completed the crossover trial. 

All four participants completed the two treatment sessions separated by 7 days. Baseline 

characteristics, including BMI and blood pressure, were within the acceptable healthy 

ranges (Table IV). Furthermore, no untoward effects from the interventions or 

assessments were reported by participants.  

Primary Aim 

A paired samples t-test was conducted on weight and revealed no significant 

difference between trials (P = 0.595). Two-way repeated measures ANOVA was run on 

the dependent variables. Shapiro-Wilk test of normality indicated a normal distribution of 

the ultrasound measures. The ANOVA analysis of FMD% indicated no significant 

interaction effect nor main effect for treatment or treatment*time (P > 0.05), but did 

indicate a significant main effect for time (P = 0.012) between baseline and 4 hours 
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(Table V). Post hoc analysis using a priori contrast comparing baseline to post, 2hour-

post, and 4hour-post ingestion indicated no significant differences (P = 0.055, P = 0.205, 

P = 0.765), although FMD % for baseline to post was approaching significance (Table 

VI; Figure 8). Furthermore, there was no significant main effect for treatment, time, or 

time*treatment for SBP, DBP, baseline shear stress, or hyperemic shear stress (P > 0.05). 

Individual responses to the Kombucha tea treatment and black tea treatment are outlined 

in Figure 9 and Figure 10, respectively. 

Table IV. Baseline Characteristics  

Variables N = 4 

Age (years) 25.3 ± 0.5 

Sex (male/female) 4/0 

Ethnicity (% White) 100% 

Height (m) 1.79 ± 0.03 

Weight (kg) 73.69 ± 7.02 

BMI 23.01 ± 1.75 

Systolic blood pressure (mmHg) 107.5 ± 2.5 

Diastolic blood pressure (mmHg) 70.0 ± 4.9 

Values are means ± S.D. 
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Table V. Primary Aim Results: Kombucha vs. Black Tea Treatment. 

 Kombucha Treatment  Black Tea Treatment 

Variables Baseline 
Post-

Drink 

2Hr-

Post 

4Hr-

Post 
Baseline 

Post-

Drink 

2Hr-

Post 

4Hr-

Post 

Weight (kg)  
73.69 ± 

7.02 
   

73.53 ± 

6.85 
   

Systolic BP 

(mmHg) 
107.5 ± 

1.3 

108.0 

± 1.4 

108.5 

± 2.6 

108.0 

± 2.2 

109.5.0 ± 

2.2 

109.0 

± 1.7 

109.0 

± 2.5 

109.5 

± 1.5 

Diastolic BP 

(mmHg) 

70.0 ± 

2.5 

70.5 ± 

2.5 

68.0 ± 

4.1 

70.5 ± 

3.3 

70.0 ± 

2.6 

70.5 ± 

3.3 

70.5 ± 

2.1 

70.5 ± 

2.6 

FMD% 
4.85 ± 

0.98 

7.32 ± 

1.23 

6.58 ± 

0.59 

5.29 ± 

0.37 

5.07 ± 

0.79 

6.71 ± 

1.14 

5.89 ± 

0.49 

5.07 ± 

0.61 

Baseline 

Shear Stress 

(dynes/cm2) 

10.18 ± 

0.97 

8.46 ± 

0.51 

9.98 ± 

0.79 

9.23 ± 

1.05 

9.86 ± 

1.24 

9.64 ± 

0.95 

9.57 ± 

0.47 

9.69 ± 

1.08 

Hyperemic 

Shear Stress 

(dynes/cm2) 

57.94 ± 

1.67 

54.38 

± 4.93 

53.72 

± 4.04 

60.39 

± 6.28 

55.51 ± 

0.938 

52.71 

± 0.72 

49.56 

± 1.40 

54.65 

± 3.94 

Weight values are means ± S.D. 

All other values are means ± S.E.M.  
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Figure 8. FMD% for Kombucha vs. Black Tea Treatments Across all Time points

 

 

 

 

 

Post hoc analysis for the significant main effect for time. All compare to baseline values.  

P < 0.05 
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Table VI.  Post Hoc Analysis 

Time Level Sig Partial Eta Squared 

 Post vs. Baseline 0.055 0.756 

 2Hr Post vs. Baseline 0.205 0.465 

 4Hr Post vs. Baseline 0.765 0.035 
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Figure 9. Individual FMD% Responses to Kombucha Treatment 

 

Figure 10. Individual FMD% Responses to Black Tea Treatment 
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DISCUSSION 

The primary aim was to examine the change in FMD% over a four-hour time 

period following acute ingestion of a 6 oz Kombucha or black tea drink. To our 

knowledge, this is the first study to examine the influence of Kombucha tea on human 

endothelial function. It was hypothesized that the Kombucha tea intervention would 

result in similar FMD% responses compared to the black tea intervention. Two-way 

repeated measures ANOVA did not detect a significant main treatment effect nor 

interaction effect for treatment*time when comparing the two interventions. Furthermore, 

a significant main effect for time was seen (P = 0.012), but post hoc analysis revealed no 

significant difference between baseline and the proceeding time points (Table V), 

although baseline to immediate post drink approached significance (P = 0.055). Overall, 

both tea conditions resulted in an absolute increase in FMD%. From baseline to 

immediate post drink, the Kombucha tea and black tea condition increased FMD% by a 

mean absolute change of approximately 2.47% (4.85 ± 0.98% to 7.32 ± 1.23%) and 

1.67% (5.07 ± 0.79% to 6.71 ± 1.14) across participants, respectively. Furthermore, 

individual FMD% responses immediately post drink consumption in the Kombucha 

treatment ranged from a 0.08% decrease (4.87% to 4.79%) to a 6.75% increase (3.93% to 

10.68%) and responses in the black tea for FMD% ranged from a 0.94% to a 2.97% 

increase (3.62% to 4.56%; 4.85% to 7.81%) (Figure 9, Figure 10). By four hours post 

ingestion, FMD% returned to near baseline levels for all individuals, suggesting the 

influence a single ingestion of either black or Kombucha tea has on endothelial function 

dissipated by four hours.  
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The vascular endothelium is thought to play a significant role in the regulation of 

vascular homeostasis. The dysfunction of the endothelium, characterized by a reduced 

NO bioavailability, has been widely accepted to be a first step in the atherosclerotic 

cascade.2–4 Opposing the impaired NO dysfunction, therefore, would theoretically 

enhance or restore endothelial function. Literature suggests that healthy individuals 

typically express a baseline diameter between 3 and 6 mm, with FMD% responses 

ranging from around 4-15% depending on genetics, body size, gender, stress, and 

protocol.87–89  Populations with disease, such as those with CAD or DM, may have a 

similar baseline diameter to apparently healthy individuals. Although this is the case, 

those in a diseased state don’t typically respond with as high a percent change as 

apparently healthy individuals.90–92 In this study of healthy adults, some individuals 

showed a response to Kombucha tea while others responded to black tea. This suggests a 

potential for the tea conditions to affect FMD responses.  

Although there are no other studies examining Kombucha tea and FMD 

responses, several epidemiologic studies have seen an inverse relationship between 

chronic tea consumption and CVD risk.23–25 Additionally, intervention studies examined 

acute and short term tea consumption on endothelial function. Following acute ingestion, 

Jochmann et al. (2007) found a 4.4 % increase in FMD% (95% CI, 2.3-6.5; P<0.001) for 

black tea ingestion compared to water controls in middle aged adults. This was similar to 

Lorenz et al. (2007) who found a nearly 3.5% increase in FMD% in healthy 

postmenopausal women following acute ingestion of black tea.83 An average increase of 

1.7% in FMD% from baseline in our study showed slightly less improvement compared 

to earlier trials, though individual responses in this current trial achieved a 3% increase. 
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The reason for the disparities is not known, but may be from different characteristics of 

the participants (age, gender, subclinical health status, stress level), or the dose of the tea 

used.  It is possible the difference in populations studied were enough to cause the 

disparities, however it seems apparent the size of the dose is a large contributor. Both 

Jochmann and Lorenz utilized 500 mL of tea (approximately 16 oz), whereas this trial 

utilized 6 oz of tea. Grassi et al. (2009) found that 100 mg of black tea polyphenols 

(equivalent to slightly less than one cup) of tea per day can increase FMD% following a 

week long supplementation period, and that the response from black tea is dose 

dependent in healthy men.82 Their 1.2% increase in FMD% with 100 mg polyphenol 

supplementation is similar to the increase seen in this trial, plus the black tea used 

matched this intervention. In patients with CAD, Duffy et al. (2001) found short and long 

term black tea consumption significantly improved FMD.91 Results from these trials 

suggest that improvements in FMD% are due to tea’s direct interactions with the vascular 

endothelium. This is supported in other studies which also reported the improvements 

seen with tea consumption were endothelium dependent.83,91,93  

Teas are known to have high polyphenol content, particularly the flavonoid 

subgroup.  Polyphenols impact various enzymatic and cell receptor function, and holds 

antioxidant and anti-inflammatory properties.64  Jochmann et al. (2008) analyzed green 

and black tea flavonoids both in vitro and in vivo. Green and black teas are processed 

differently, leading to different components. Originating from the Camellia sinensis 

plant, green tea leaves are steamed and then dried, whereas leaves for black tea, also from 

the Camellia sinensis plant, are slightly fermented for 16-24 hours prior to being dried.80 

Green tea has higher levels of catechins such as EGCG, but due to fermentation black tea 
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presents with a higher concentration of theaflavins, especially thearubigins (Jochmann et 

al. 2008). Although there was a notable difference in concentration make up, the ability 

of green and black tea to increase eNOS activity and promote endothelial function was 

nearly identical.81 

There are several proposed mechanisms for the ability of tea polyphenols to 

improve vascular function. Increased oxidative stress, often through hydroxyl or 

superoxide anion action, produce ROS (such as peroxynitrite) and lead to further NOS 

uncoupling and reduced NO bioavailability.80 Dietary and tea flavonoids may be able to 

reduce the superoxide anion breakdown of NO.26 Independent of ROS, Anter et al. (2004) 

showed that black tea and black tea polyphenols increase NO bioavailability in aortic 

endothelial porcine cells. Researchers noted an increased cGMP and increased L-

citrulline concentration following exposure of black tea and polyphenol components, 

which is indicative of enhanced eNOS activity. Furthermore, through the use of various 

inhibitors and testing conditions, their study showed a that the MAPK/Akt-mediated NO 

pathway was stimulated by the polyphenols. Specifically, the polyphenols were able to 

phosphorylate eNOS at Ser-177 while dephosphorylating at Thr-495, which increased 

eNOS activity. 94 These potential mechanisms have recurred in the literature26,65,95, 

although the precise mechanism has not been determined.  

Black tea is a principal component of Kombucha tea. Chakravorty et al. (2016) 

analyzed microbial and biochemical molecules during Kombucha fermentation and noted 

important differences.96The fermentation process for Kombucha tea lead to higher total 

polyphenol and flavonoid content when compared to black tea, possibly a result of a 

degradation of complex tea polyphenols (such as thearubigin) to smaller phenolic 
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molecules.96 Total phenolic content, in comparison to black tea, was confirmed to be 

higher97. Additionally, slightly higher free radical scavenging ability in diabetic rats was 

noted with Kombucha tea compared to black tea, although both were highly capable.97 

Preliminary investigations into Kombucha’s effect on chronic disease is limited. Many 

claimed benefits associated with Kombucha tea have no published scientific research 

support. In the present study, GT’s Original Kombucha® was used to investigate acute 

effects on endothelial function as measured through FMD%. Results suggest a similar 

improvement immediately following ingestion compared to black tea, with minimal to no 

effects four hours following ingestion. 

Results from the primary aim suggest grouped means responded similarly for both 

tea trials. Although mean change in FMD% was similar for both tea trials, responses 

varied between individuals. For example, participant Subject01 expressed a relative 

FMD% improvement for Kombucha of 6.75% immediate post consumption and a 3.89% 

increase at 2 hours post, compared to increases of 0.59% post consumption and 1.34% at 

2 hours post for black tea, respectively. The opposite was true for participant Subject03. 

For this individual, the black tea trial resulted in a relative FMD% improvement of 2.96% 

immediately post consumption and a 0.98% improvement at 2 hours post compared to no 

change (-0.08%) immediately post and minimal increases (0.14%) at 2 hours post for 

Kombucha tea (Figure 8, Figure 9).  The rationale for this variability in response is not 

known, but it could be speculated that the fermentation had a profound influence on the 

specific polyphenol composition of the tea. Furthermore, potentially due to this, 

participants responded to one tea drink and not the other. The phenolic content in the teas 

may be more well suited to ameliorate endothelial dysfunction (or enhance current 
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function) for specific individuals. However, it may be that, for the “non-responders” for 

each tea, the one-time dose was simply inadequate to produce an effect. Perhaps a higher 

dose or short-term supplementation period would generate a response in these 

individuals. Additionally, although blinded, it is possible a placebo effect took place due 

to variations in taste and expected benefit among participants. Further investigations are 

required to elucidate varied responses due to the different tea drinks.  

Limitations 

 The present study is not without limitations. Current guidelines for ultrasound 

assessment of FMD% suggest ECG gating to isolate end diastolic diameters for improved 

accuracy. However, it is debated as to how much, if any, further accuracy gating adds.16 

Furthermore, although researchers provided participants with a list of activities and 

dietary products to avoid prior to the morning of the trials, it is possible food and activity 

logs completed by participants were not 100% indicative of the 24 hours before the 

measurement. Multiple reminders were given in attempts to increase adherence to 

recommendations. Specific components of the teas used were not analyzed. Although 

black tea is the main ingredient of Kombucha tea, the product used in this intervention 

did include green tea. Thus, it is possible the fermentation process resulted in content 

which differs slightly than the studies examining fermentation of 100% black tea 

Kombucha.96,97 Sample characteristics limit the studies generalizability; the sample 

included younger, healthy adult males. Researchers acknowledge the small sample size of 

the crossover trial. Thus, the results of this study must not be overstated, as the study is 

likely underpowered. Nevertheless, outcomes show a moderate effect size for both black 

and Kombucha tea across time (0.69), and effect sizes for post drink consumption and 
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two hours post consumption compared to baseline (0.756, 0.465) suggesting both 

treatments could be influential on endothelial function. A potential limitation with a small 

sample size could be the effect of order, although the blinded, randomized treatment 

allocation used in this study addressed this concern.  

Future Directions 

Future studies should use the present intervention and literature as a framework 

for improvements. It may be beneficial to include a third control arm (such as water) to 

the study, to ensure no placebo effect took place. Additionally, future interventions 

should conduct compositional analysis of the chosen black and Kombucha tea. Lastly, if 

possible analysis in participants of biomarkers of endothelial dysfunction (such as 

VCAM-1 or ICAM-1), markers of inflammation (such as CRP, interleukin (IL)-6, or 

TNF-α), and ET-1 should be conducted. Additionally, these treatments could be 

examined following a challenge, such as a high fat meal.  Lastly, with the inclusion of 

more participants, analysis should consider controlling for baseline variables such as 

physical activity levels or specific dietary components at baseline. 

Conclusions 

 The one-time ingestion of Kombucha tea improved mean FMD% under fasted 

conditions similarly to that of unfermented black tea. It is postulated that the 

polyphenolic concentration of these beverages was able to transiently improve local NO 

bioavailability in a reactive hyperemic state. A wide array of health benefits claimed from 

Kombucha consumption; however, there is a lack of scientific evidence to support these 

claims. Given the current and projected consumption patterns of Kombucha tea, it is 
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imperative further studies investigate health claims and understand the basis for the 

potential health benefits.   
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APPENDIX A 

Ultrasound assessment of brachial artery flow-mediated dilation following acute 

Kombucha tea consumption in healthy men 

Informed Consent Form to Participate in Research 

INTRODUCTION  

You are invited to be in a research study. Research studies are designed to gain scientific 

knowledge that may help other people in the future. You are being asked to take part in 

this study because you are a healthy male between the ages of 18-30. Your participation 

is voluntary. Please take your time in making your decision as to whether or not you wish 

to participate. Ask your study staff to explain any words or information contained in this 

informed consent document that you do not understand. You may also discuss the study 

with your friends and family. 

WHY IS THIS STUDY BEING DONE?  

The purpose of this research study is to gain knowledge on how Kombucha tea affects 

blood vessel function compared to black tea in healthy men.  

HOW MANY PEOPLE WILL TAKE PART IN THE STUDY?  

20 people at one research site will take part in this study. 

WHAT IS INVOLVED IN THE STUDY?  

This study will consist of three total visits. The first visit consists of education, informed 

consent, and familiarization. The second and third will be testing visits where researchers 

will aim to gain knowledge on the purpose of the study,  

 

Screening Visit 

If you agree to participate, you will be asked to come to the Pulmonary Function 

Laboratory at the Wake Forest Health and Exercise Science Department (Worrell 

Professional Center) on three separate days. The first day consists of a screening visit 

where the study would be thoroughly described and the informed consent document 

would be signed. At this visit, a research staff will provide information regarding dietary 

and other actions which would influence the study. Furthermore, you will be asked to 

complete a health history questionnaire and to provide a list of supplements or 

medications you may be on. You will be asked to stop taking any supplements or 

vitamins three days prior to each visit. After the study has been fully described you have 

consented to participate you will be instructed on how to complete a 24-hour dietary 

recall and exercise log. Next, research staff will record age, height, weight, calculate 

BMI, and ask questions regarding race/ethnicity. Lastly, to familiarize you with the 

measure, a research staff will introduce you to the ultrasound equipment and place a 

small rapid-inflation cuff around your left forearm while you are lying down on a padded 

table.  Following explanation by the staff, the cuff will be inflated to give you a sense of 

what to expect during the testing visits.  
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Testing Visits 

For your testing visits, you will come to the Pulmonary Function Lab in Worrell 

Professional Center. The research staff will first collect the 24-hour dietary recall log. 

Second, height and weight will be recorded to determine BMI. Next, you will be asked to 

lie on your back for 5 minutes on a padded table in a quiet room where your blood 

pressure will be measured. Following this, you will rest for another 10 minutes. The 

research technician will then take baseline measurements using the rapid-cuff inflator and 

the ultrasound machine. Specifically, the technician will take ultrasound images of the 

inside of your upper left arm by feeling for the brachial artery. Once found, a gel will be 

applied to the area to provide a clear image. This is a painless measure. Next, the 

technician will inflate the cuff for 5 minutes. This cuff works much like a blood pressure 

cuff and will be placed around your left forearm. Due to the cuff temporarily restricting 

blood flow to your lower arm, you may notice a tingling sensation or slight numbness in 

your hand or fingers, but this is normal. Once the 5 minutes is up, the cuff will be 

deflated, restoring blood flow to your arm. At this time, the technician will take more 

images and videos of your arm, which will take only several minutes.  

After taking the baseline measure, you will be asked to consume either a black tea or 

Kombucha tea drink within 10 minutes. You will not know which tea will be yours and 

neither will the technician. Please do not mention which drink you think you may have. 

Once you have drank the tea, you will be asked to lie down and repeat the measure using 

the ultrasound machine and rapid-inflator cuff. 

You will then be free to leave the testing facility, and asked to return exactly 2 hours and 

4 hours later to repeat the measure using the rapid-cuff inflator and ultrasound machine. 

Between measures, you will be asked to refrain from strenuous exercise, caffeine 

consumption, smoking, or eating particular foods (which the researcher will highlight). 

After 2 and 4 hours, you will report back to the Pulmonary Function Laboratory. Again, 

you will lie on your back for 5 minutes to begin. Following this, a blood pressure will be 

taken and a further rest of 10 minutes will ensue. The technician will follow the same 

procedure to view the brachial artery using the ultrasound machine and the rapid-inflation 

cuff. This will complete your second testing visit.  

The last testing day will occur a minimum of 48 hours later, and at the same time as the 

first testing day. You will be asked to maintain a similar diet for the 24 hours leading up 

to the last testing day as you did for the first testing day. Additionally, you will be asked 

not to partake in any of the previous activities, take any supplementation, or eat 

unauthorized foods prior to your visit. The procedure that occurred on the first testing day 

will be followed for the last, except the other tea drink will be provided.  

Schedule of events 

Schedule Screening Visit 

1. Explanation of the study and informed consent 
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2.  Completion of the health history questionnaire and inquiry regarding 

supplements and medication. Explanation of food and physical activity 

log.  

2. Instructions for 24 hour dietary recall and exercise log 

3.  Body weight, height, and age & familiarization of the ultrasound and 

rapid-cuff inflator 

 Testing Day #1 (Treatment #1)  

1. 5 minute supine rest, BP measure, 10 minute supine rest 

2. Baseline Ultrasound assessment of the brachial artery 

3. Consumption of black tea or Kombucha tea 

4. BP measure and ultrasound assessment of the brachial artery (Immediate, 

2hr, 4hr post-consumption) 

 Testing Day #2 (Treatment #2) 

1. 5 minute supine rest, BP measure, 10 minute supine rest 

2. Baseline Ultrasound assessment of the brachial artery  

3. Consumption of black tea or Kombucha tea 

4. BP measure and ultrasound assessment of the brachial artery (Immediate, 

2hr, 4hr post-consumption) 

 

HOW LONG WILL I BE IN THE STUDY?  

You will be in the study for up to 3 weeks, which would be the end of the final follow-up 

visit on the third testing day. Each measure of the artery function will take approximately 

30-40 minutes. Due to the nature of the study, each testing day will take around 4-6 hours 

to complete.   

You can stop participating at any time. If you decide to stop participating in the study, we 

encourage you to talk to the investigators or study staff first. 

WHAT ARE THE RISKS OF THE STUDY? 

Being in this study involves minimal risk. You should discuss the risk of being in this 

study with the study staff.  

Ultrasound 

Ultrasound is a safe procedure that uses low-power sound waves, with no known risks. 
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Rapid Cuff Inflator 

The rapid cuff inflator will cut off the blood flow to your lower arm for five minutes.  

This will likely cause feelings of mild discomfort, tingling, and may cause your hand to 

become pale, cold/warm, or clammy. 

Caffeinated Beverage 

Though unlikely, acute ingestion of caffeinated tea may cause you to have increased heart 

rate, stomach discomfort, or become nervous.  

Kombucha tea 

Although unlikely, there is a potential for minor side effects when consuming Kombucha 

tea. It is possible to experience stomach discomfort, nausea, an allergic reaction, or in 

severe cases vomiting. To reduce potential complications participants will not be asked to 

consume a high quantity of the drink in one sitting and will be asked to inform the staff of 

medications, supplements, allergies, or medical conditions which may put them at risk.  

Other factors 

There also may be other side effects that we cannot predict. You should tell the research 

staff about all the medications, vitamins and supplements you take and any medical 

conditions you have. You are expected to report any changes in your medications, 

vitamins, or supplements to the study team.  

In addition, there is a slight risk of a breach of confidentiality. We will do our best to 

protect your confidential information.  Taking part in this research study may involve 

providing information that you consider confidential or private. Efforts, such as coding 

research records, keeping research records secure and allowing only authorized people to 

have access to research records, will be made to keep your information safe. 

ARE THERE BENEFITS TO TAKING PART IN THE STUDY?   

You are not expected to receive any benefit from participating in this research study.  We 

hope the information learned from this study will benefit other people in the future as it 

relates to heart disease and diet. 

WHAT OTHER CHOICES ARE THERE?  

This is not a treatment study. Your alternative is not to participate. 

WHAT ABOUT MY HEALTH INFORMATON?  

In this research study, any new information we collect from you is considered Protected 

Health Information. The information we will collect for this research study includes: 

brachial artery diameter, blood flow velocity, blood pressure, 24-hour food and exercise 

recall, body weight and height.  

We will make every effort to keep your Protected Health Information private. We will 

store records of your Protected Health Information in a cabinet in a locked office or on a 

password protected computer.  
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Only the following people or organizations will be granted access to your Protected 

Health Information: 

1. The study investigator and his/her staff, or others at Wake Forest University who 

oversee research. 

 

If required by law or court order, we might also have to share your Protected Health 

Information with a judge, law enforcement officer, government agencies, or others. If 

your Protected Health Information is shared with any of these groups, it may no longer be 

protected by federal or state law. 

Any Protected Health Information collected from you in this study that is maintained in 

the research records will be kept for an indeterminate period of time. This authorization 

does not expire and any research information entered into your medical record will be 

kept for as long as your medical record is kept by the Medical Center. You will not be 

able to obtain a copy of your Protected Health Information in the research records until 

all activities in the study are completely finished. 

You can tell Gary Miller, PhD that you want to take away your permission to use and 

share your Protected Health Information at any time by sending a letter to this address: 

Gary Miller, PhD Associate Professor, Wake Forest University Department of Health and 

Exercise Science Box 7868, Winston-Salem, NC 27109. 

However, if you take away permission to use your Protected Health Information you will 

not be able to be in the study any longer. We will stop collecting any more information 

about you, but any information we have already collected can still be used for the 

purposes of the research study. 

By signing this form, you give us permission to use your Protected Health Information 

for this study. 

WHAT ARE THE COSTS?  

There are no costs to you for taking part in this study. All study costs, including any 

study medications and procedures related directly to the study, will be paid for by the 

study.  

WILL YOU BE PAID FOR PARTICIPATING?  

You will receive no payment or other compensation for taking part in this study. 

WHO IS SPONSORING THIS STUDY?  

This study is sponsored by the Wake Forest University Department of Health and 

Exercise Science. 

WHAT ARE MY RIGHTS AS A RESEARCH STUDY PARTICIPANT?  

Taking part in this study is voluntary. You may choose not to take part or you may leave 

the study at any time. Refusing to participate or leaving the study will not result in any 

penalty or loss of benefits to which you are entitled. If you decide to stop participating in 
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the study, we encourage you to talk to the investigators or study staff first.  The 

investigators also have the right to stop your participation in the study at any time. This 

could be because it is in your best medical interest regarding any adverse events or 

because the entire study has been stopped. You will be given any new information we 

become aware of that would affect your willingness to continue to participate in the 

study. 

WHOM DO I CALL IF I HAVE QUESTIONS OR PROBLEMS?  

For questions about the study or in the event of a research-related injury, contact the 

study investigator, Gary Miller, PhD at (336) 758-1901. 

The Institutional Review Board (IRB) is a group of people who review the research to 

protect your rights. If you have a question about your rights as a research participant, or 

you would like to discuss problems or concerns, have questions or want to offer input, or 

you want to obtain additional information, you should contact the Chairman of the IRB at 

(336) 716-4542. 

You will be given a copy of this signed consent form. 

SIGNATURES  

I agree to take part in this study. I authorize the use and disclosure of my health 

information as described in this consent and authorization form. If I have not already 

received a copy of the Privacy Notice, I may request one or one will be made available to 

me. I have had a chance to ask questions about being in this study and have those 

questions answered. By signing this consent and authorization form, I am not releasing or 

agreeing to release the investigator, the sponsor, the institution or its agents from liability 

for negligence. 

 

Subject Name (Printed): __________________________________________  

Subject Signature: ____________________________ Date: _________ Time: ________ 

am pm  

Person Obtaining Consent (Printed): _____________________  

Person Obtaining Consent Signature: _____________________ Date: _____Time: 

_____am pm 
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APPENDIX B 

 

Within-subject variability of flow mediated vasodilation and peak velocity flow of the 

brachial artery in healthy adults. 

 

Informed Consent Form to Participate in Research 

 

INTRODUCTION  

You are invited to be in a research study. Research studies are designed to gain scientific 

knowledge that may help other people in the future. You are being asked to take part in 

this study because you are a healthy adult. Your participation is voluntary. Please take 

your time in making your decision as to whether or not you wish to participate. Ask your 

study staff to explain any words or information contained in this informed consent 

document that you do not understand. You may also discuss the study with your friends 

and family. 

 

WHY IS THIS STUDY BEING DONE?  

The purpose of this research study is to take repeated measurements of your brachial 

artery on separate days and evaluate how close the results are to one another.  These 

results will be helpful for future studies using ultrasound to evaluate the health of blood 

vessels.   

 

HOW MANY PEOPLE WILL TAKE PART IN THE STUDY?  

24 people at one research site will take part in this study. 

 

WHAT IS INVOLVED IN THE STUDY?  

 

You will be asked to come to the Wake Forest Health and Exercise Science Department 

on three separate days.  Each visit will be separated by at least two days.  You will come 

in at the same time of day for each visit and you will not be allowed to have consumed 

any food or drinks for 8 hours before each visit.  You will also be asked to avoid alcohol 

for 48 hours before each visit, discontinue medications the day before your schedule 

visits and maintain similar exercise and diet habits throughout the study.      

 

Assessment Visits  

You will be required to attend a total of three testing visits.  Testing days will be 

separated by at least two days and will take place at Wake Forest University Reynolda 

campus in the Health and Exercise Science Human Performance Laboratory in Reynolds 

Gymnasium.  The procedure for all three visits is shown in the schedule of events below. 

 

 

Visit 1 

1.  Informed consent 

 The study will be described to the subject 

Visits 2 

1.  Subject will fill out a 24-hr food and physical activity recall 
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2.  Weight will be measured, subject will lie on your back for 10 minutes  

3.   Resting blood pressure will be measured 

4.  Ultrasound 

 Subject’s arm will be placed in a brace to limit movement 

 A picture of only the subject’s arm will be taken to replicate arm 

position for future testing sessions 

 Gel will be placed on the skin above the brachial artery and a 

transducer will be guided over the area and images of the brachial 

artery will be captured 

 A rapid inflator blood pressure cuff will be inflated tightly around 

the lower arm for five minutes 

 The cuff will be released and more images will be captured 

5.  Subject will be scheduled for their next visit at the same time of day 

Visits 3 

1.  Subject will fill out a 24-hr food and physical activity recall 

2.  Weight will be measured, subject will lie on your back for 10 minutes  

3.  Resting blood pressure will be measured 

4.  Ultrasound  

 Subject’s arm will be placed in a brace to limit movement 

 Gel will be placed on the skin above the brachial artery and a 

transducer will be guided over the area and images of the brachial 

artery will be captured 

 A rapid inflator blood pressure cuff will be inflated tightly around 

the lower arm for five minutes 

 The cuff will be released and more images will be captured 

 

Visits  4 

1.  Subject will fill out a 24-hr food and physical activity recall 

2.  Weight will be measured, subject will lie on your back for 10 minutes  

3.  Resting blood pressure will be measured 

4.  Ultrasound  

 Subject’s arm will be placed in a brace to limit movement 

 Gel will be placed on the skin above the brachial artery and a 

transducer will be guided over the area and images of the brachial 

artery will be captured 

 A rapid inflator blood pressure cuff will be inflated tightly around 

the lower arm for five minutes 

 The cuff will be released and more images will be captured 

 

 

Study Interventions  

If you are eligible and sign the consent form you will be scheduled for your first testing 

visit. Prior to each testing day you will be asked to refrain from any food, drink, or 

exercise at least 8 hours before the visit.    
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The study will take place on WFU Reynolda Campus in the Human Performance 

Laboratory in Reynolds Gymnasium.  After the study is fully described to you and you 

have signed an informed consent you will be given further information regarding dietary 

and activity guidelines. Additionally, research staff will explain to you the 24 hour 

dietary recall and exercise log.  During visits 2-4, your weight, height, and age will be 

recorded and you will be asked questions about your age, and race/ethnicity. You will 

then on your back for 10 minutes in a quiet room where your blood pressure will be 

measured.  Then, you will be asked to stay as still as possible and your arm will be placed 

in a strap to decrease movement.  The technician will feel your arm right above your 

elbow to find your brachial artery and mark your arm for the location of the artery.  A 

picture of only your arm (from 6-8 inches above your elbow to your hand hand) will be 

taken to replicate arm position for future testing sessions. 

 

An ultrasound machine will be used to view your brachial artery.  This is a painless scan 

in which a special gel will be applied directly to your skin and a small hand held device 

(transducer) will slowly be guided over your skin.  This will produce pictures and video 

clips of your artery that will appear on the screen of the ultrasound machine and will be 

used for further study at a later time.   

 

Once the images are obtained, a rapid inflation blood pressure cuff will be placed around 

your forearm.  This cuff works just like a regular blood pressure cuff but will inflate and 

become tight around your forearm very quickly.  The cuff will remain on your arm for 

five minutes and will cut off the blood flow to your lower arm during this time. After five 

minutes, the technician will push a button that will deflate the cuff very quickly, allowing 

blood to flow back to your lower arm.  Following deflation, the ultrasound machine will 

be used again to take pictures and video clips of your artery.  You will then schedule your 

next visit for at least two days later and at the same time of day as your first visit.  Each 

testing visit should take 30-40 minutes.   

 

HOW LONG WILL I BE IN THE STUDY?  

You will be in the study until you have completed a total of up to 4 visits. This is a pilot 

study to determine the variability of ultrasound measurements in the Health and Exercise 

Science Department and therefore you will not be required to come back for long-term 

follow up visits. 

 

You can stop participating at any time. If you decide to stop participating in the study we 

encourage you to talk to the investigators or study staff first. 

 

WHAT ARE THE RISKS OF THE STUDY? 

Being in this study involves minimal risk. You should discuss the risk of being in this 

study with the study staff.  

 

Ultrasound 

Ultrasound is a safe procedure that uses low-power sound waves, with no known risks. 

 

Rapid Cuff Inflator 
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The rapid cuff inflator will cut off the blood flow to your lower arm for five minutes.  

This will likely cause feelings of mild discomfort, tingling, and may cause your hand to 

become pale, cold/warm, or clammy.   

 

Other factors 

There also may be other side effects that we cannot predict. You should tell the research 

staff about all the medications, vitamins and supplements you take and any medical 

conditions you have. You are expected to report any changes in your medications, 

vitamins, or supplements to the study team.  

 

In addition, there is a slight risk of a breach of confidentiality. We will do our best to 

protect your confidential information.  Taking part in this research study may involve 

providing information that you consider confidential or private. Efforts, such as coding 

research records, keeping research records secure and allowing only authorized people to 

have access to research records, will be made to keep your information safe. 

 

ARE THERE BENEFITS TO TAKING PART IN THE STUDY?   

You are not expected to receive any benefit from participating in this research study.  We 

hope the information learned from this study will benefit other people in the future as it 

relates to heart disease and diet. 

 

WHAT OTHER CHOICES ARE THERE?  

This is not a treatment study. Your alternative is not to participate. 

 

What About My Health Information?  

In this research study, any new information we collect from you is considered Protected 

Health Information. The information we will collect for this research study includes: 

brachial artery diameter, blood pressure, 24 hour food and exercise recall, body weight, 

height, age, race, and gender.  

 

We will make every effort to keep your Protected Health Information private. We will 

store records of your Protected Health Information in a cabinet in a locked office or on a 

password protected computer.  

 

Only the following people or organizations will be granted access to your Protected 

Health Information: 

1) The study investigator and his/her staff, or others at Wake Forest University who 

oversee research. 

2) Other people or laboratories providing services for this research project on behalf of 

Wake Forest University. 

 

If required by law or court order, we might also have to share your Protected Health 

Information with a judge, law enforcement officer, government agencies, or others. If 

your Protected Health Information is shared with any of these groups it may no longer be 

protected by federal or state law. 

 



67 
 

Any Protected Health Information collected from you in this study that is maintained in 

the research records will be kept for an indeterminate period of time. This authorization 

does not expire and any research information entered into your medical record will be 

kept for as long as your medical record is kept by the Medical Center. You will not be 

able to obtain a copy of your Protected Health Information in the research records until 

all activities in the study are completely finished. 

 

You can tell Gary Miller, PhD that you want to take away your permission to use and 

share your Protected Health Information at any time by sending a letter to this address: 

Gary Miller, PhD Associate Professor, Wake Forest University Department of Health and 

Exercise Science Box 7868, Winston-Salem, NC 27109. 

 

However, if you take away permission to use your Protected Health Information you will 

not be able to be in the study any longer. We will stop collecting any more information 

about you, but any information we have already collected can still be used for the 

purposes of the research study. 

 

By signing this form you give us permission to use your Protected Health Information for 

this study. 

 

WHAT ARE THE COSTS?  

There are no costs to you for taking part in this study. All study costs, including any 

study medications and procedures related directly to the study, will be paid for by the 

study.  

 

WILL YOU BE PAID FOR PARTICIPATING?  

You will receive no payment or other compensation for taking part in this study. 

 

WHO IS SPONSORING THIS STUDY?  

This study is partially sponsored by the Wake Forest University Translational Science 

Center and the Department of Health and Exercise Science. 

 

WHAT ARE MY RIGHTS AS A RESEARCH STUDY PARTICIPANT?  

Taking part in this study is voluntary. You may choose not to take part or you may leave 

the study at any time. Refusing to participate or leaving the study will not result in any 

penalty or loss of benefits to which you are entitled. If you decide to stop participating in 

the study we encourage you to talk to the investigators or study staff first.  The 

investigators also have the right to stop your participation in the study at any time. This 

could be because it is in your best medical interest regarding any adverse events or 

because the entire study has been stopped. You will be given any new information we 

become aware of that would affect your willingness to continue to participate in the 

study. 

 

WHOM DO I CALL IF I HAVE QUESTIONS OR PROBLEMS?  

For questions about the study or in the event of a research-related injury, contact the 

study investigator, Gary Miller, PhD at (336) 758-1901. 
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The Institutional Review Board (IRB) is a group of people who review the research to 

protect your rights. If you have a question about your rights as a research participant, or 

you would like to discuss problems or concerns, have questions or want to offer input, or 

you want to obtain additional information, you should contact the Chairman of the IRB at 

(336) 716-4542. 

 

You will be given a copy of this signed consent form. 

 

Signatures  

I agree to take part in this study. I authorize the use and disclosure of my health 

information as described in this consent and authorization form. If I have not already 

received a copy of the Privacy Notice, I may request one or one will be made available to 

me. I have had a chance to ask questions about being in this study and have those 

questions answered. By signing this consent and authorization form, I am not releasing or 

agreeing to release the investigator, the sponsor, the institution or its agents from liability 

for negligence. 

 

Subject Name (Printed): __________________________________________  

 

Subject Signature: ____________________________ Date: _________ Time: ________ 

am pm  

 

Person Obtaining Consent (Printed): _____________________ Date: ______Time: 

_____am pm 

 

Person Obtaining Consent Signature: _____________________ Date: _____Time: 

_____am pm 
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APPENDIX C 

HEALTH HISTORY QUESTIONNAIRE 

Name_____________________________ Date___/___/___ Phone ______________ 

 

Date of Birth ___/___/___ Age____ Ethnicity______________ 


MEDICAL HISTORY 

 

Self-reported: Height______ Weight______ 

 

Have you ever had any of the following cardiovascular problems? Please check all that 

apply. 

Heart attack/Myocardial Infarction____   Heart surgery ____ 

Chest pain or pressure ____    Swollen ankles ____ 

Arrhythmias/Palpitations ____    Heart murmur ____ 

Valve problems ____     Dizziness ____ 

Shortness of breath ____    Congestive heart failure ____ 

 

Have you ever had any of the following? Please check all that apply. 

Cancer (specify type) ____ 

High blood pressure ____ 

Obesity ____ 

Diabetes (specify type) _____     

Stroke ____  

High cholesterol ______ 

 

Do you currently have any condition not listed that may influence your ability to 

participate (such as a tea allergy)? Y    N 

 

Details__________________________________________________________________ 

 

Are you taking any medications, vitamins or dietary supplements now? Y   N 

If yes, what are they?______________________________________________________ 

_______________________________________________________________________ 

_______________________________________________________________________ 

Have you ever experienced any adverse effects from caffeine consumption? Y N 

 If yes, elaborate.__________________________________________________________ 

_______________________________________________________________________ 


LIFESTYLE FACTORS 

Do you now or have you ever used tobacco? Y   N   If yes: type _______________ How 

long?______ Quantity____/day  Years since quitting_________ 
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How often do you drink the following? 

Caffeinated coffee, tea, or soda _____oz/day   Hard liquor _____oz/wk 

Wine _____oz/week   Beer ____oz/wk 

What do you do for physical activity/exercise now?____________________________ 

How often do you exercise? ____________ How long per session?________ 

Estimate your exercise intensity level or exercise heart rate.________________ 

Indicate your current level of emotional stress. High____ Moderate ____ Low____ 
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APPENDIX D 

FOOD/PHYSICAL ACTIVITY LOG 

NAME:  DATE:    

BREAKFAST 

Time Food/Drink Amount Vitamins/supplements 

    

    

    

    
 

  LUNCH 

Time Food/Drink Amount Vitamins/supplements 

    

    

    

    
 

 DINNER
  

Time Food/Drink Amount Vitamins/supplements 

    

    

    

    
 

  SNACKS
  

Time Food/Drink Amount Vitamins/supplements 

    

    

    
 

  PHYSICAL ACTIVITY  

Time TYPE Duration/Intensity 
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APPENDIX E 

Example Brachial Artery Ultrasound Images 

 

a. Example of image with clear intimal interface 

 

b. Example of defined ROI.  
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c. Example of ± 60 degree isonation angle. Baseline velocity Doppler image is 

shown. 

 

d. Example of baseline velocity analysis with edited flow velocity ROI for improved 

accuracy.  
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e.  Example of vascular landmarks used to identify location of vessel measurements.  

 

f.  Example of utilizing landmarks to ensure location of measure was identical 

between measures.  



75 
 

 

Example of 60 second video clip analysis. Quality control analysis included a 3rd order 

polynomial, setting the confidence threshold to 50%, and the trend threshold to a standard 

deviation of 1.  
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APPENDIX F 

Step by Step Testing Procedures 

Visit 1:  

1. Subject arrived to pulmonary function lab at arranged time. Researchers asked 

subjects to fill out a modified health history questionnaire (Appendix B) to ensure 

eligibility. 

2. Once eligibility status was determined, researchers asked the subjects to 

thoroughly read through the informed consent (Appendix A). At this time, the 

technician would ask for questions regarding participant responsibilities, and go 

through the specific requirements and associated risks to ensure comprehension.  

3. Next, the technician requested the participant lie down on a padded table to 

familiarize them to the measure. During this time, the subjects arm was placed in 

the U-shaped brace with slight external rotation. The rapid cuff inflator was 

placed in the proper forearm positioning. The rapid cuff inflator was then briefly 

inflated to make the patient aware of the noise and sensation associated with the 

measure.  

4. Height and weight were recorded. 

Visit 2 and 3: 

Subject Preparation 

1. Upon arrival, the participant completed the 24-hour recall log (Appendix C). 

2. Next, the subjects weight was recorded to ensure no drastic differences between 

trials. 

3. The participant was then asked to lay quietly on a padded table in the Pulmonary 

Function Lab for 10 minutes.  

a. While the participant was resting, the researcher turned on the M-Turbo 

Ultrasound System (Sonosite Inc., Bothell, Washington, USA) was turned 

out and exam type was set to Vascular. 

i. Patient identification numbers were entered.  

ii. The “done” key was pressed. 

b. Blood pressure was then taken and recorded by the research technician 

using a mercury sphygmomanometer. 

c. 5 minutes of resting followed. 

4. During the last portion of rest, the researcher prepared for the ultrasound measure.  

5. The participants arm was place in the U-shaped brace, in a slightly externally 

rotated position with the palm facing upward.  

a. Using a tape measure, the researcher measured exactly 3 inches distal to 

the antecubital crease. This site was marked. 

i. A 6 x 83cm rapid inflator segmental pressure cuff (D.E. Hokanson, 

Bellevue, WA, USA) was placed at the mark. 
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6. Ultrasound gel was applied to the probe. 

7. The ultrasound was switched to “Color” mode, as the technician identified the 

brachial artery via the high-frequency probe between 2 and 6 inches above the 

antecubital crease in the longitudinal plane.  

a. Following artery identification, the researcher placed the probe in an 

adjustable stereotactic clamp to minimize probe movement.  

b. Further probe adjustment was made (if needed) to ensure clear intimal 

wall interfaces and a ±60° positioning. 

c. The clamp was secured, and probe position was marked and measured to 

aid in reproducibility.  

8. The image was zoomed 1 time (by pressing the zoom key twice). 

9. A photograph was taken of the set up for future replication. 

a. Furthermore, any vascular anatomical landmarks were noted. 

 

Baseline Velocity Flow Measurements 

1. The ultrasound was switched from “Color” to 2D high-resolution mode by 

pressing the “2D” button.  

2. The “Doppler” button was pressed. 

a. Through touch pad manipulation, the sample line was oriented in the 

center of the artery at a ±60° position.  

b. Calipers were then adjusted to be as close to the intimal wall interfaces 

while remaining in the vessel (typically 3mm or 5mm). 

3. “Doppler” was pressed a second time to initiate the Doppler Spectral Trace. 

a. The technician waited to allow for the maximal amount of flow velocity 

waves prior to image capture. A minimum of 2 baseline Doppler images 

were recorded by pressing the “Save” button.   

Baseline Diameter Measurements 

1. Ultrasound must be in the 2D high-resolution mode and zoomed in one time.  

a. The region of interest was the same as that which the flow velocity 

measurements were taken. 

2. To record diameter, the “clip” button was pressed. This initialed a 60 second 

video. 

a. To ensure the clip length is 60 seconds, the researcher hit the “video” 

button and selected the 60 second prospective video option.  

3. The prospective video ends when the ultrasound makes a “beep.” 

Rapid Cuff Inflator 
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1. Upon completion of baseline diameter measurements, the AG101 was turned on 

followed by the E-20 rapid cuff inflator (E-20 rapid cuff inflator, D.E. Hokanson, 

Bellevue, WA, USA). 

2. The pressure for cuff inflation was set at 200mmHg though manipulation of the 

crank on the right front side of the machine. To adjust, turn the nut, located 

behind the crank, counterclockwise, and turn the crank to the right to increase 

pressure or left to decrease pressure. Tighten the nut by turning clockwise to set 

the pressure for cuff inflation. 

3. Subject was reminded of the 5-minute occlusion period and to remain as still as 

possible throughout the remained of the test. 

4. Rapid cuff inflation was initiated by either pressing the “mode” button or through 

use of the device’s foot pedal.  

a. A timer was started. 

5. During the 5-minute period, the mode was switched to “Doppler” and the sample 

line was placed at a ±60° position in the center of the artery with proper caliper 

positioning.  

6. Following 5 minutes, the rapid cuff inflator was deflated by pressing the “mode” 

button or through pressing the device’s foot pedal. 

Post-Occlusion Velocity Flow Measurements 

1. Upon deflation, the “Doppler” button was pressed again to initiate Doppler 

Spectral Trace.  

2. From 5-30 seconds post-deflation, 3-5 flow velocity images were taken. 

Post-Occlusion Diameter Measurements 

1. Immediately proceeding velocity flow measures, the technician switched to the 

2D high resolution mode for grey scaling.  

a. The image was zoomed in 1 time. 

2. Two 60-second prospective videos were taking by pressing the “clip” button. 

Once the first “beep” occurred, the “clip” button was pressed a second time. A 

second “beep” indicated end of the second video.  

3. Testing measurements concluded. 

Test Completion 

1. The technician offered a towel to the participant to clean the ultrasound area.  

2. The rapid cuff inflator was removed; the patient was allowed to sit up.  

3. The next visit was then scheduled.  
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